is especially true for the central regions of clusters. With the proliferation of multi-fibre spectrographs among the large telescopes over the last decade, the number of redshifts for cluster galaxies is growing explosively. Over the past four years the number of clusters with more than 50 redshifts has about tripled. The (radial) velocity-dispersion profile (VDP) is one of the probes of the dynamical state and distribution of the matter in clusters. Compared with its alternatives, the temperature profile of the X-ray gas and the orientation and elongation of arclets of faint background galaxies, it is easily obtainable and available for many clusters. Several authors have published VDPs of rich clusters: e.g. Struble (1979) , Dressler & Shectman (1988b) and Teague, Carter & Gray (1990) . A dynamical interpretation has been attempted only for a small set of clusters. Apart from studies of individual clusters like A194 by Capelato et al. (1980) , A1656 (the Coma cluster) by Kent & Gunn (1982) , Capelato et al. (1982) and Merritt (1987) , and A426 (the Perseus cluster) by Kent & Sargent (1983) , small samples of nearby and/or rich clusters have been studied by Struble (1979) , West, Dekel & Oemler (1987) , and Yepes & Dominguez-Tenreiro (1992, YDT92 hereafter) .
From observations and numerical experiments it is evident that clusters must have steeply declining density profiles with logarithmic slopes that range from -2 to -4. Simple dynamical considerations predict that the velocity dispersion in such systems is centrally peaked and steeply declines with radius: see e.g. Kent & Gunn (1982) , Merritt (1987) and the models below. However, for about half of the clusters for which Dressler & Shectman (1988b) have determined a VDP, it shows a decline towards the centre of the cluster, a central inversion of the kinetic temperature. They suggest that the cores of clusters could be relatively cool remnants of a violent relaxation process on to which a hotter envelope was accreted by secondary infall. Isotropic orbits dominate in the core, while the orbits in the envelope are radial, so that the low central velocity dispersion is accentuated by the projection of the orbits along the line of sight. Although this explanation could hold for low-mass clusters, a dynamically cool core seems difficult to reconcile with the high-temperature X-ray emission that comes from some of these cores. Also, an infalling envelope is likely to transfer momentum to the inner parts of the cluster, so that the galaxy population will heat up after a while.
Depressions in the central velocity dispersion may also arise in hydrostatic equilibrium, even in the presence of a declining density profile and velocity isotropy, as shown e.g. by Binney (1982) or Hughes (1989) . An alternative explanation may be found in the process of mass segregation (MS). Capelato et al. (1980) have already suggested that the central depression in the VDP of A194 is the result of equipartition of kinetic energy in a population of galaxies with a range of masses. Similar conclusions were reached by Merritt (1983) and YDT92 on the basis of more advanced models of cluster evolution. MS is the result of dynamical friction, first described by Chandrasekhar (1943) . The process is suppressed by the stripping of galactic mass either by the cluster tidal field or via collisions with other galaxies.
As YDT92 have already pointed out, current N-body simulations probably still lack the mass resolution to model properly the process of MS and details of tidal stripping in the galaxy population, although differences between the velocity fields of the galaxies and the dark matter (velocity bias in the N-body jargon) have been reported. The importance of velocity bias and the survival of galactic haloes is still a matter of dispute: see e.g. , Bertschinger & Gelb (1991) , , Couchman & Carlberg (1992) , Evrard, Summers & Davis (1994) and , versus e.g. Katz, Hernquist & Weinberg (1992) and Lubin & Bahcall (1993) .
Until now, searches for spatial luminosity segregation (LS) in clusters have been inconclusive (Bahca1l1973; White 1977; Dressler 1978) . The effect in velocity space, smaller velocity dispersions for brighter galaxies (sometimes referred to as velocity segregation), seems stronger (Chincarini & Rood 1977; Biviano et al. 1992; YDT92) . If MS in cluster cores can be established as a real and frequently occurring effect, it will have interesting consequences for the models of galaxies in clusters. Because the time-scale for dynamical friction is inversely proportional to the background density and the mass of the galaxies (Merritt 1983) , signs of MS could imply that massive galactic haloes survive both the violent and two-body relaxation phases. The relaxation time is a lower limit to the age of the core, and the frequency of the effect may thus provide interesting clues about the evolution of clusters.
If the X-ray gas is a faithful tracer of the cluster potential in the cluster centre, the ratio between the velocity dispersion of the galaxies and the temperature of the X-ray gas, f3 = a;alflmH/kTx, may be a good indicator of the impact ofMS on the velocities in the core. According to Edge & Stewart (1991b) and Lubin & Bahcall (1993) the value of f3 lies between 0.5 and 1.0, and probably closer to 1.0. However, in the determinations of the velocity dispersion no account is taken of the fact that, over the region in which the X-ray emission is observed (generally the inner 0.5 h-1 Mpc), the velocity dispersion may either increase or decrease with radius. Except for the Virgo cluster, no attempts have been made to use only E and SO galaxies as tracers of the core population. Hence we address this issue again.
In this paper we present the radial VDPs for 72 clusters, probably the largest sample of clusters to date, including 28 clusters for which new data were obtained by the ESO Nearby Abell Cluster Survey (ENACS, Katgert et al. 1995) . In Section 2 we describe the cluster sample, motivate the choice of the cluster centres and discuss a new technique to distinguish between cluster members and galaxies that are likely to be in the fore-or background. In Section 3 the radial VDPs are constructed. To investigate the influence of sub-or superstructure on the VDPs, the spatial gradients of the velocity field are computed for each cluster. A classification is made of the profiles and the stability of the classification as a function of position and magnitude limit is discussed. In Section 4 the 53 clusters with a sufficient number of measured magnitudes are tested for signs of LS. The significance of the signal is assessed with a Monte Carlo method. We discuss the correlation of LS with the classification of VDP, X-ray temperature, and the presence of a BCG. (In this paper we will use the term BCG, brightest cluster galaxy, as a general term for a cD, D, gE or binary galaxy that clearly dominates the centre of the cluster.) In Section 5 we discuss semi-analytical spherical models of clusters in order to give a dynamical explanation for our classification of the VDPs. We make a direct comparison between the measured VDPs and various spherical models. In Section 6 we evaluate the ability of the models to explain the observed variety of VDPs. Several extensions of the models are discussed. We discuss the relation between the mass-density This study of the dynamics of the central regions of rich clusters of galaxies is based on redshift data from 68 cluster surveys. For 46 clusters we use data from the literature only, for 16 clusters we use exclusively the spectroscopic data from the ENACS , and for 12 clusters we have combined data from the literature with data from the ENACS. For four clusters, A548, A3526 (Centaurus), 0627-54 and Virgo, we consider two subsets of galaxies, which form (most likely independently) evolved subclusters, as individual clusters. Hence the total number of systems that we analyse is 72, each having at least 50 members for which a redshift has been measured. In A3716 there are also clearly two subclusters surveyed in the literature, DC2048-52 (Dressler & Shectman 1988a ) and C39 (Colless & Hewett 1987) , but only DC2048-52, the southern component, contains enough members to be included in this sample. Except for 0627-54 S, Virgo and Cancer, all clusters have an entry in the ACO catalogue (Abell, Corwin & Olowin 1989) . The northern subcluster in the survey of 0627-54 by Teague, Carter & Gray (1990) coincides with A3391, and was hence renamed.
This cluster sample cannot be considered complete in any respect. It is probably not very representative either, as redshift surveys of clusters in the literature were often motivated by the presence of a cD galaxy and/or X-ray emission. However, until spectroscopy of large complete cluster samples becomes available, the present sample is the largest from which the general dynamics of galaxy clusters can be studied in considerable detail.
We decided to limit the discussion to Abell-type clusters with at least 50 spectroscopically confirmed member galaxies. We consider this number of redshifts a minimum for a meaningful analysis of the dynamics. For smaller numbers of galaxies the statistical weight and the spatial resolution of the kinematical information are clearly insufficient. Even with at least 50 member galaxies, the dynamics of a cluster is sometimes hard to describe. For a majority of the clusters (41 out of 72) more than 80 spectroscopic members are available. The names and the central positions of the clusters in our sample are given in Table 1 , together with other relevant information concerning the selection of cluster members.
In Table 2 we list the clusters for which the redshift survey has a high completeness with respect to a wel1-defined magnitude limit. In 27 cases a magnitude limit can be found above which the completeness is at least 80 per cent. For 18 of these clusters a useful subsample can be defined with a completeness higher than 90 per cent. Table 2 lists for each cluster information for the subsample with the highest completeness.
The determination of the cluster centres
As we will discuss below, not only the construction of the radial VDP but also the successful identification of probable © 1996 RAS, MNRAS 279, 349-388 field galaxies depends on a correct determination of the cluster centre. The position of the global minimum in the potential well of a cluster is most significant in a dynamical sense. Hot, X-ray emitting gas is probably the best indicator of this minimum, because the gas settles in the potential of a typical cluster on time-scales shorter than 10 9 yr: see e.g. Sarazin (1988) for a review. Moreover, the intensity of the X-ray emission is proportional to n~, the electron density squared, and is thus heavily weighted towards the regions of highest gas density. Beers & Tonry (1986) , Rhee (1989) and McMil1an, Kowalski & Ulmer (1989) have determined cluster centres using first moments of X-ray surface-brightness distributions observed with the Einstein satellite. A comparison of X-ray centres derived by these three groups for the same clusters yields an rms difference of 0.08 h-I Mpc. Thus, if an X-ray centre is available we use it preferential1y as the centre of the cluster.
The central region of a cluster is most likely also dynamically the oldest part, as witness the frequent presence of a cD galaxy, a giant el1iptical galaxy (gE) or a central group of early-type galaxies. Comparison of the position of the cD or gE galaxy with the peak in the X-ray emission gives an rms difference of 0.07 h-I Mpc. If no X-ray centre is available, we take either the position of the cD or the gE galaxy, or the average position of the dominating bright elliptical galaxies, as the cluster centre.
For five clusters, A548 W, A3223, A3716 S, A3888 and Cancer, there is neither an X-ray centre known, nor a cD or gE galaxy, nor even a group of bright ellipticals in the centre. In these cases we take the position of the global maximum in the surface density of the galaxies (smoothed to a resolution of between 0.3 and 0.5 h-I Mpc) as the cluster centre. These central positions appear to agree with the X-ray central positions of the above three studies to within 0.11 h-I Mpc rms. However, the result of this comparison is likely to be somewhat biased, as the clusters with an X-ray centre have generally the more regular and symmetric galaxy distributions. The accuracy of the centres of more irregular clusters, based on the distribution of galaxies, is probably not as good. The method by wh~ch t~e centre of a particular cluster in our sample was determmed IS indicated in Table 1 , from which it is clear that for a large majority of the clusters we probably know the centre to within 0.1 h-I Mpc (rms).
There are a few cases for which it is impossible to define the centre of the cluster unambiguously, even on theoretical grounds. For instance, for a close double cluster, like A548 or Virgo, it is not a priori clear whether one should take the centre of mass (somewhere in between the two concentrations) or the centres of the subclusters. For the purpose of the study of the VDP, one can argue that there are in fact two centres that are dynamically old, and we have divided these clusters into two subsystems. In systems like A399 / A401, A548 E/W, A2197/2199 and A3716 N/S the separation between the subsystems is fairly unique, due to the clear dumbbell shape of the projected galaxy distributions. For the Virgo cluster a separation into subsystems is more ambiguous, as M87 and M49 are (in projection) only about a Mpc apart, and the mutual dynamical influence of the subclusters is consequently expected to be large. Given the special status of the Virgo cluster as the most nearby and best studied cluster, we decided not to remove the Virgo cluster from our sample, but to consider it as two systems. We imposed a cut-off radius of 0.8 h-I Mpc on either system, keeping in mind the above difficulty. Notes: column (1) cluster name, J indicates J2ooo.0 equinox; column (2-3) sky position of the cluster centre, in B1950.0 equinox, unless indicated otherwise in first column; column (4) indicator of centre, X refers to the position given by Rhee (1989 ), Beers & Tonry (1986 or McMillan et al. (1989) ; D means position of dominant central gE, Bn is the average positions of n central giant galaxies (hence D == B1), P means the peak in the galaxy density field. X+D means position from X-ray emission and peak of X-ray emission centred on a D galaxy, D+X position ofD galaxy but X-ray emission is symmetric about this position, etc.; column (5) limiting radius of the survey in h-I Mpc; column (6-7) minimum and maximum velocities (units of 1000 km s-I) based on a gap of (usually) 1000 km s-I, used in the first step of separation between field galaxies and cluster members; column (8) average velocity of the cluster (units of 1000 km S-I); column (9) velocity dispersion based on all cluster members (km s-I), values for ENACS clusters will be published in Mazure et al. (1995) ; column (10) number of galaxies in the survey identified as field; column (11) number of galaxies identified as interloper; column (12) final number of cluster members; column (13) references for the data:
1. The ENACS ; 2. Malumuth et al. (1992) ; 3. Fabricant et al. (1993) Bothun et al. (1983) ; 44. Binggeli, Sandage & Taruman (1985) .
The definition of a cluster from a spectroscopic survey
The definition of a cluster in a redshift survey is not at all trivial. It is actually easier to define a cluster in theory, namely as a region in the Universe that contains on average a mass of, say, 10 15 h-1 M0 and in which the density exceeds the average density of the Universe by a given factor. The description of the formation of large-scale structure by Press & Schechter (1974) suggests two measures for this density contrast: the average density in the virialized central region (bounded by a radius rvir) and the average density within the tum-around radius (rturn). In an no ~ 1 universe these densities are at least 178 and 5.6 times the average density. These values are also directly related to overdensities in the linear regime of structure formation. In defining a cluster in a redshift survey, we will try to adhere as closely as possible to this concept. In principle, we aim to find essentially all galaxies in the survey within rtum: i.e. within the present value of the distance from the cluster centre beyond which matter still takes part in the Hubble expansion, and within which matter is falling towards the cluster.
The first step in the reduction of a redshift survey in the direction of a cluster to a sample of likely cluster members is the removal of the most obvious fore-and background galaxies. We use the redshift histogram, from which we reject those galaxies at the lowest and highest redshifts that clearly cannot belong to the cluster. For fields of a few Mpc diameter we use a pragmatically determined maximum velocity gap of 1000 km S-1 between adjacent cluster members to decide between field galaxies and possible cluster members. Although the distribution of the redshift differences between adjacent @ 1996 RAS, MNRAS 279, 349--388 galaxies in the redshift histogram depends on the richness and the velocity dispersion of the cluster, we found that the results, in particular the resulting global velocity dispersions of the clusters, are quite stable against variations of a few 100 km S-1 in the gap size: see Mazure et al. (1995) . In fact, the gap of 1000 km S-1 seems to do well in all but four cases: for A194 and A2063 a gap of 500 km S-I seemed more appropriate, for A539, which was surveyed out to an unusually large radius, we used 300 km s-l, while for A3526 (Centaurus) we used the limiting velocities given by Dickens, Currie & Lucey (1986) , in order to distinguish between the two clusters Cen 30 and Cen 45. As this is only the first step in defining the cluster, we refrained from more subtle arguments at this stage. The resulting velocity limits for each cluster are given in columns 6 and 7 in Table 1 .
The next step in the definition of the cluster is to decide on the basis of redshifts and positions which galaxies are unlikely to be inside rturn. For several reasons it is not straightforward to decide in a reliable way for individual galaxies whether or not they have already turned around. First, the central velocity dispersion in a cluster may exceed 1000 km S-I. In the direction to the centre of the cluster, a galaxy must hence be at least some tens of Mpc from the centre in order to have an Hubble expansion velocity that is large enough to set it clearly apart from the cluster. Secondly, the gravitational pull of the cluster slows down the expansion of the surrounding Universe out to a considerable distance, which aggravates the first effect.
Fortunately, the density contrast of the cluster is high in the centre and the velocity dispersion generally decreases considerably with distance from the cluster centre, so the sit- Notes: column (2) colour in which magnitude limit is defined; column (3) magnitude limit to which subset is complete; column (4) completeness of most complete subset; note that for the nine cluster surveys with a completeness of 0.90 there exists a larger subset that has a completeness between 0.80 and 0.90; column (5) number of cluster members in subset, after the removal of interlopers (see text).
uation is not as bleak as it might seem. Nevertheless, with only radial velocities available it remains impossible to reach a clear verdict for galaxies within a fairly broad margin around rtum. The best one may ask for from a method designed to remove field galaxies is that it strikes a sensible balance between inadvertently removing cluster galaxies and leaving in field galaxies.
2.4 The removal of non-cluster galaxies
Description of the routine
The classical recipe for removing galaxies that probably do not belong to the cluster was discussed by Yahil & Vidal (1977) . They remove all galaxies with velocities more than 3ay away from the central velocity. This process is iterated a few times until a stable number of galaxies is reached. The cut-off value of 3ay was meant to be conservative. In this method the distribution of radial velocities is assumed to be the same at each position in the cluster. Perea, del Olmo & Moles (1990) propose another method, the so-called 'jackknife', for removing non-cluster galaxies. In each step they remove the galaxy whose elimination causes the largest change in the virial mass estimator. This procedure is repeated until the value of the mass estimator stabilizes. In deciding whether a galaxy is or is not likely to be a cluster member, both methods ignore information that is contained in the combination of position and radial velocity of the galaxy. In order to exploit the combined radial velocity-position information we developed an iterative method which uses the fact that, with an estimate of the mass distribution within the cluster (assumed to be spherically symmetric), the maximum radial velocity that a galaxy inside rtum can acquire can be estimated. The mass profile is estimated by application of the virial theorem (e.g. Bahcall & Tremaine 1981) :
where r is the distance to the cluster centre, R is the projection of r, N is the number of cluster galaxies in the sample, V is the component of the velocity along the line of sight, and the R;j are projected distances of galaxy pairs within a cylinder of radius R around the centre. The maximum line-of-sight velocity, Vmax (R) , that a galaxy can be observed to have, given its projected distance from the centre, its position inside the turn-around radius, and the mass profile of the cluster, depends on the direction of its velocity vector with respect to the line of sight, and on the dynamical state of the galaxy population at the location of the galaxy. For the latter we use the following assumptions.
Consider an archetypal cluster, as described e.g. by Gunn & Gott (1972) . It is spherically symmetric and consists of a relaxed central region in which the velocity distribution is isotropic and the virial theorem holds and which is surrounded by a region of radial infall that extends to rtum. The radii of both regions are derived from the estimated mass profile M(r) using the spherical infall model. In order to be maximally conservative in removing galaxies from the survey as nonmembers, we assume an Q = 0.1 universe (which gives slightly larger values for rvir and rtum than in an Q = 1.0 universe).
Galaxies in the region of infall need not be on purely radial orbits, because the density distribution is not perfectly smooth; an infalling galaxy may have undergone non-radial accelerations from nearby inhomogeneities. In the most extreme case it may even be on a circular orbit. First consider the latter case. If all orbits are circular with a velocity V~ir(r) = GM(r)/r, the cluster is clearly in equilibrium, hence the virial theorem applies:
where K is the kinetic energy, W the potential energy and p(r) the mass density giving rise to M(r): see Binney & Tremaine (1987) , hereafter BT87. The virial theorem is a scalar theorem and the orbits may have any orientation. If the cluster is not in equilibrium but collapsing instead, the galaxies inside rtum are on bound, ingoing orbits for which K ::::;; W holds. Thus as an upper limit to the infall velocity we have v~(r) = 2v~r(r).
Because the circular velocity does not vanish near rtum, as does the infaJl velocity in reality, this is an overestimate, but a conservative one, in the sense that it will not cause true cluster members to be mistaken for interlopers. We apply one of the following criteria, which are ordered from most to least stringent (i.e. from least to most conservative), to identify non-cluster galaxies.
(i) We ignore the presence of a virialized central region, and assume that the galaxy is either on a radial orbit towards the centre of the cluster, or on a purely circular orbit. Under the first assumption, we calculate the upper limit, Vmax(R), to the observed velocities V at projected distance R, as the maximum value of the line-of-sight component of the infall velocity for all positions r on the line of sight within rturn. Under the second assumption, one uses the maximum line-of-sight component of the circular velocity. Combining both assumptions yields
where 0 is the angle between the radial vector r and the line of sight and rmax the position (along the line of sight) where the maximum occurs.
(ii) The second criterion is identical to the first one for galaxies outside the (projected) virial radius, but uses a different test for galaxies that appear projected inside this radius. It assumes that such galaxies reside in the virialized region, that they are on bound orbits through this region (K ~ W), and that their velocities may have any orientation with respect to the line of sight (this will increase the maximum observed velocity that is allowed); hence Vmax(R) = viuf(rmax) if R ~ rvir.
(iii) The third criterion assumes that the velocity distribution in the cluster is isotropic throughout the entire cluster, i.e.
Vmax(R)
We note that our method of defining an allowed maximum radial velocity is analogous to the criterion used by Beers, Geller & Huchra (1982) to determine whether or not subclusters are likely to be bound.
Our method is iterative. After obvious fore-and background galaxies have been clipped by use of the gap criterion, the mass profile is guessed on the basis of all galaxies in the survey. For each galaxy the maximum radial velocity it could possibly have, given its projected position, is calculated. All galaxies that do not meet the criterion are excluded from the estimate of the mass profile in the next iteration step. The method converges in 1 to 10 iterations to produce a stable set of cluster members. In all cases only a fairly small fraction of galaxies is excluded. In Table 1 we give for each cluster the numbers of cluster members and non-cluster galaxies.
The method is robust in that it is not critically dependent on the accuracy of the interim mass estimates. As the maximum infall velocity is only proportional to the square root of the mass, errors in the mass estimate propagate only mildly into the velocity criteria. We use the virial mass because it does not require a priori assumptions about the form of the galaxy orbits. Because the largest line-of-sight velocities do not occur near rturn, the exact value of rturn is not important either; in other words, there is no noticeable dependence of the outcome on the chosen value of the background density Q for values of Q between 0.1 and 1.0.
Performance
In order to be useful, a procedure for removing non-cluster galaxies must not leave too many galaxies that lie in fact outside rturn, nor should it eliminate too many true cluster members. We have studied the performance of our method in two sets of cluster models, both consisting of cluster and field galaxies. The first set consists of models that are discrete versions of the one described below in Section 5, populated to a given magnitude limit with galaxies that have positions that were sampled randomly from a density profile, and lumi-© 1996 RAS, MNRAS 279, nosities that were sampled at random from a Schechter (1976) luminosity function.
The second set consists of 75 N-body cluster models presented by van Kampen (1994) . This set of model clusters is designed to mimic a sample complete with respect to total mass. The initial conditions were generated for an Q = 1 CDM scenario. Individual cluster models have reasonable mass resolution and contain dark matter particles as well as soft galaxy particles that are formed according to a prescription that involves percolation and a virial condition. A typical simulation has a volume of about (30 h-1 Mpc)3 and contains 0(10 5 ) particles. In these models the membership of galaxies follows unequivocally from the position with respect to the turn-around radius.
The advantage of the first set of models is that we can vary the contamination of the red shift survey by field galaxies at will. The procedure converges to acceptable solutions for survey contaminations of up to 50 per cent. The disadvantage of these models is that the background is uniform, while in reality there is a lot of structure on scales both smaller and larger than the cluster. In the second set of models the field is more realistic, but less under control, and its contaminating effect on the survey is generally smaller (36 per cent on average). We found that the interloper removal works very well: in the central region (i.e. within the Abell radius) 90 per cent of the non-members are indeed removed, and those that are not removed have a velocity dispersion that is essentially equal to that of the member galaxies. In the same region only 0.4 per cent of the cluster members are inadvertently removed upon application of the most stringent criterion.
For all clusters except six, the first (most stringent) criterion performs well, as judged from the plots of line-of-sight velocity versus projected distance from the centre. Fig. 1 shows several illustrative cases. In each of the diagrams the dashed lines represent the border between cluster members and interlopers, i.e. the Vmax(R) contours computed by our interloper routine. Note that this border is not identical to the cluster's caustics (compare Fig. 1 with fig. 8 in Regos & Geller 1989) , although both contours encompass a roughly 'trumpetshaped' region in the velocity-radius diagram. In four cases (A151, A400, A426 and the southern part of the Virgo cluster) application of the first criterion leads to obvious accidents, in the sense that the border crosses into the densely populated, trumpet-shaped region occupied by the clusters in these diagrams. However, in these cases the second criterion performs well. In only two cases (A194 and A1656) did we have to use the third (least stringent) criterion. In a study of the dynamics of A1656, van Haarlem (1992 suggests that a combination of elongation and orientation causes the projected velocity field to be disturbed. Nevertheless, for A1656 it is clear from Fig. 1 that the border between cluster member and interloper lies where one would intuitively put it, namely just outside the most densely populated region of the diagram. The cluster A194 (not shown in Fig. 1 ) also appears elongated (Rood-Sastry class L) with many fore-and background groups superposed. Moreover, Capelato et al. (1980) suggest that this cluster is a likely candidate for mass segregation, as the VDP shows a strong depression in the centre. This may have caused the mass, and thus V max> to be underestimated. We will discuss this topic in detail in the second half of this paper. Finally, in the Cancer cluster even the third criterion removes a major fraction of the galaxies. However, in an anal-R. den Hartog and P. Katgert 
.: Figure 1 . Identification of cluster members and interlopers. Horizontal dashed lines indicate the mean velocities of the clusters, and the two outer curved dashed lines (symmetric with respect to the mean value) indicate the minimum and the maximum of the allowed radial velocities for galaxies within the (estimated) turn-around radius, i.e. the border between member and interloper galaxies. For clusters with optical magnitude data, the size of the symbols in these plots increases with the apparent brightness of the galaxy. The starred markers in the panel of A8S represent galaxies that were identified as belonging to a group of suspected (and confirmed) interlopers. ysis by Bothun et al. (1983) , based on a method analogous to our criterion, this cluster is found to consist of a collection of five discrete, pair-wise unbound groups; so our problems in removing non-cluster galaxies are not surprising. Malumuth et al. (1992) conclude that the wedge diagrams of several of the clusters in their sample contain 'sheets of galaxies' in the fore-or background, which they remove. Fig. 1 shows several examples of such groups in A1656, A2052 and A2634, which are succesfully removed. In our sample there are also six clusters (A85, A119, A2877, A3558, A3716 and A3888) which show groups of galaxies in the cluster wedge diagram that are compact in velocity and spatial extent, possibly not bound to the cluster, but which are not removed by the interloper routine. The removal procedure may fail to reach the right verdict about these groups, when the galaxies of such groups raise the velocity dispersion so much that the group members can no longer be recognized as non-cluster galaxies. At the same time their presence or absence may make a large difference to the form of the VDP. When we identify the possible group members, exclude them from the computation of the mass profile and apply the most stringent criterion (i.e. the one that assumes either circular or radial orbits), only a group of eight galaxies in A85 is removed (indicated by starred markers in Fig. 1 ). Hence we conclude that only A85 possesses a real foreground group of interlopers.
Groups of interlopers

THE VELOCITY-DISPERSION PROFILES
3,1 The construction of the VDPs
In Fig. 2 we present, for all 72 clusters (or sub-clusters, in the cases of A548, 0627-54, A3526, A3716 and Virgo) in our sample, plots of the line-of-sight velocity dispersion against the projected radial distance from the centre of the cluster. Before we turn to the discussion of the VDPs, we mention two effects that must be taken into account in the construction of these profiles.
(a) n"T"T"T'"",."'T"T'"","T'T'"",",," 1. 
U.1 Correction for the global velocity field
First, the velocity field in a cluster may be distorted by the fact :hat clusters are frequently part of larger structures, multiple ;ystems, superclusters or filaments etc.: see e.g. Oort (1983) We have investigated the importance of the above effect n our data by making, for all clusters, a linear least-squares it to the radial velocities of the cluster galaxies with respect £) 1996 RAS, MNRAS 279, to their positions in the plane of the sky, i.e. we fitted a plane surface to the data in the (0(,15, ll.o.s,}-space.
By making position-dependent corrections to velocities we could easily introduce unwanted effects if the solution of the fit were dominated by noise in the data. In particular, the form of the VDP may be significantly altered when the value of the velocity dispersion in the outer parts of the cluster is artificially reduced. Therefore the significance of the fitted velocity gradients is assessed by a Monte Carlo test. For each cluster 1000 'untilted' random models are created in which the correlation between position and velocity is removed by shuffling the velocities with respect to the positions. To each model a plane is fitted using the same procedure, giving for each cluster a distribution of the total fitted velocity gradient. The significance of the observed velocity gradient follows from this distribution as the probability that a random gradient is smaller than the one observed. From the same Monte Carlo tests it is also possible to compute the probability of finding at random a smaller reduction of the global velocity dispersion. This value correlates well, although not perfectly, with the significance of the velocity gradient. We subtract the velocity R. den Hartog and P. Katgert (b) ... 2 S- 
Figure 2 -continued gradients only when both the significance of the reduction of the global velocity dispersion and that of the magnitude of the velocity gradient are larger than 99 per cent. With this choice we define the velocity gradients in the clusters A1736, A2107, A3558, A3695 and in the subsystem A548 E as significant. In Fig. 3 we show four examples of clusters with a significant velocity gradient. The gradients are clearly evident in the data. In Table 3 we list the clusters in which the velocity gradients have a significance beyond the 99 per cent level or in which the subtraction of the velocity gradients would lead to a reduction of the global velocity dispersion of more than 5 per cent.
On the one hand, the subtraction of the velocity gradients must be done prior to the removal of fore-and background galaxies, to ensure that a distortion of the velocity field does not result in an unwanted removal of cluster members. On the other hand, however, a few outliers may dominate the solution of the fit, after which it is impossible to remove them. We have therefore checked for each cluster with a strong gradient in the velocity field whether this was the case. On the basis of this analysis we have rejected the gradient in A514 as insignificant.
Only one of the multiple systems, A548, shows a significant glQbal distortion of the velocity field. One expects that tidal fields between subclusters enhance and align the dis tortions of the velocity fields in the subclusters. However, the global distortion of the velocity field aligns with that of a subcluster only in Virgo and A3716, but is not present in these clusters at a significant level. In all cases, subtraction of the global velocity gradients leads to a (minor) reduction of the velocity dispersion in only one of the subclusters, and to an increase in the other(s). Hence for the multiple systems the velocity gradient seems to be caused primarily by motions of the subsystems with respect to each other, and hardly at all by tidal interactions.
For the 'single' clusters there are four possible causes for the strong velocity gradients: shear or rotation, transverse motions, anisotropic infall (along filaments), and subclustering. None of these explanations, however, is entirely satisfactory.
Analysis of the growth of perturbations in the expanding cosmological fluid shows that transverse velocities decay adiabatically during expansion (e.g. Peebles 1980) . Although the shear of the velocity field may play a role in the formation of galaxies (van de Weygaert & Babul 1994) , it seems quite unlikely that clusters could acquire significant angular momentum from a sheared merging of subclumps or tidal torques from surrounding superstructure. So, until more advanced modelling of cluster evolution shows otherwise, we do 
Figure 2 -continued lOt subscribe to the rotating model of A2107 by Oegerle & fill (1992) to explain the large gradient in the velocity field. West (1994) proposes a model that explains many oberved alignment effects in clusters as a result of infall and nerging along filamentary large-scale structures. A2107 is re-)orted to be a member of a supercluster, namely the Hercules upercluster, e.g. by West (1989) , while A3558 is the main nember of the so-called Shapley concentration (Bardelli et al. 994) . The wedge diagram of A2107 does show a filament of :alaxies that runs across the cluster from south to north. Of he other members of this supercluster that are in our sample, \'2052, A2063, A2151 and A2199, only A2151, the Hercules luster itself, shows a gradient in the velocity field, although t is not significant according to our definition. From other lusters that were found by West to be part of a supercluster, .nd that do not have velocity gradients, it seems there is no ,bvious relation between the velocity gradient and a relatively ligh density of nearby clusters. In A3558, the gradient of the docity field makes an angle of about 45° with the global lirection of the supercluster (which runs roughly EW), which l not what one would expect from West's model. Praton & Schneider (1994) show how cluster motions of he order of 600 km S-1 perpendicular to the line of sight Ilight induce artificial structures in the redshift maps of clus-;) 1996 RAS, MNRAS 279, ters that resemble voids, groups and filaments. However, such substantial motions imply huge nearby mass concentrations similar to the Great Attractor (e.g. Faber & Burstein 1988) , and we would thus expect to see large velocity gradients in other members of the Hercules supercluster as well. Moreover, A3558 seems to be in the centre of such a large mass concentration, the Shapley concentration, which is supposed to act as a Great Attractor itself, and is thus not expected to move at all. Lauer & Postman (1994) claim to see the entire volume of clusters inside 15 000 km S-1 move with respect to the cosmic microwave background with a velocity of the order of 700 km S-I, and, indeed, all clusters with a significant gradient are inside this volume. However, again we would expect to see much greater effects in the redshift maps of other clusters that are also in this volume. Hence large transverse streaming motions do not seem to offer a reasonable explanation for the large velocity gradients.
The X-ray surface-brightness distribution of A1736 shows an asymmetry, roughly in the direction of the velocity gradient, which could be evidence of sub clustering. However, in our sample there are many clusters that show an asymmetric X-ray surface-brightness distribution, or other signs of substructure (A754, A1656, A2256, A3667 to name but a few), but none of these clusters shows a significant gradient in the velocity field. R. den Hartog and P. Katgert 
Correction for the cosmological redshift
As we want to compare velocity dispersions in clusters at different redshifts we must take into account the fact that the cosmological redshift causes velocity differences, and thus velocity dispersions, to be overestimated by a factor (1 + Zcls),
where Zc1s is the cosmological redshift of the cluster. This amounts to 10 percent for the more distant clusters in the sample: see Danese, De Zotti & di Tullio (1980) . For each galaxy the factor (1 + Zobs), with Zobs the apparent red shift of the galaxy, is the product of a factor (1 + Zc1s), which is due to the cosmological redshift, and a factor (1 + Zgal), which is the Doppler term due to the velocity of the galaxy with respect to the cluster centre. The velocity values in the plots of radial velocity versus projected distance ( Fig. 1 ) have been corrected for this effect. This correction is applied before the removal of field galaxies, because it affects the interloper criterion.
Binning procedures
Because the number of galaxies with a measured redshift varies between 50 and about 400 per cluster, there is no ideal binning procedure. In deriving the VDPs we have tried to strike a balance between uniformity on the one hand and maximum information content on the other. In Fig. 2 we present thf results of two procedures, a 'discrete' and a 'continuous' VDP First, we sample the discrete VDP in non-overlapping radially concentric bins. The mean velocity is the same in eacl1 bin and equal to the average velocity of the entire populatior of cluster members. We consider a velocity dispersion estimatf to carry some information if it is based on the redshifts of a1 least five galaxies. If a bin contains less than five galaxies it! O'v value is set to zero. The sets of velocity dispersion value! obtained for these fixed radial intervals allow comparison be· tween different clusters, and between a cluster and a mode prediction. However, the statistical weights of the O'v estimate! span a large range. The filled squares in Secondly, we estimate the continuous VDP with the robus1 WWESS regression algorithm of Cleveland (1979) . First we sor1 the set of N datapoints (R;, Vn on R, then we make a WWES~ fit to this set of datapoints, from which the O'v(R;) is obtained by taking the square root of the fitted values Vit,i' For each A548 E 168 objects .,. . '_c ~. ,.
. ler cent of all datapoints that are nearest to R;. Each point is (eighted with its distance to R; with a tricube weight function. 'he fitted VDP is refined in two additional iteration steps. The nal result is shown in Fig. 2 as a solid line. The dashed lines ldicate the 90 per cent confidence intervals of the VDP. These ltervals were computed from the results of 1000 Monte Carlo imulations that assume a Gaussian-distributed error with a pread of 100 kIn S-1 in the individual values of Vi. Generally, lie two binning methods give consistent results.
We have not attempted to bin the data in concentric llipses, as might seem natural in view of the fact that many lusters are probably elongated: see Plionis,Barrow & Frenk 1991) , Rhee, van Haarlem & Katgert (1992) and de Theije, ~atgert & van Kampen (1995) . First, it is difficult to obtain ccurate values for the position angle and ellipticity from a Ilirly limited number of galaxy positions. Secondly, it is not t all clear that a single pair of elongation parameters should .escribe both the inner and outer parts of a galaxy distribution ~ 1996 RAS, MNRAS 279, 349-388 equally well. We have decided to plot the VDPs on a linear rather than a logarithmic scale of projected radial distance. This avoids too much emphasis on the centres of the clusters. We found that it was not possible to scale the VDPs to the light profile, since this requires the magnitudes for a complete sample of galaxies within the radial extent of the VDP. As we discussed in Section 2.1, only for a rather limited set of clusters can such a sample be defined. Below we demonstrate that the influence of incomplete sampling on the unscaled VDP is not very important.
3,2 The classification of the VDPs
Inspection of the (circularly averaged) VDPs in Fig. 2 has convinced us that the clusters in our sample have VDPs that fall broadly into three different categories. We realize, of course, that there is no point in adding yet another classification scheme to the several cluster classifications in existence (which are mostly morphological), unless there is a physical basis for Notes: column (2-3) velocity gradients (in h km s-1 Mpc-l) in the direction of right ascension (positive = east) and declination (positive = north) respectively; column (4) zeropoint velocity (in units of 1000 km s-I); column (5) probability percentage of finding at random a more outlying pair of velocity gradients, obtained from 1000 Monte Carlo tests; column (6) probability percentage of finding at random a larger reduction of the velocity dispersion; column (7) percentage reduction of the global velocity dispersion after subtraction of the velocity gradients.
the classification. Therefore we will show in Sections 5 and 6 that our classification based on the VDP is quite likely to have a dynamical meaning. For reasons of objectivity the classification has been programmed into a set of rules which distinguish three types of VDP.
(i) Peaked profiles, in which the independent estimates of (Tv in the fixed bins are consistent with a VDP that is peaked in the centre and decreases significantly andlor uniformly from the centre out to at least a radius of 1 h-1 Mpc. A significant decrease means a difference between adjacent bins that is larger than the (linear) sum of the 1(T errors. Examples are A399 (first bin to second), A426 (second bin to third), S463 (both first and second above third). When significant, the decrease does not need to be uniform: A168, A2052 and S805 are considered to have Peaked profiles. In the absence of a significant difference between adjacent bins the decrease must be uniform out to 1 h-1 Mpc with a difference between the first and the third bins larger than the sum of the errors, as in A3266, or out to 1.5 h-1 Mpc with such a difference between first and fourth bins, as in A1656. In Fig. 2 we indicate this type of profile by P.
(ii) Flat profiles, in which the estimates of (Tv are consistent with a VDP in which (Tv does not change out to 1 h-1 Mpc, i.e. the central value of (Tv is neither significantly larger (as in the P profiles), nor significantly smaller (as in the I profiles, see below) than the (Tv in the second and third bins. Good examples of this type of VDP are obtained for the clusters A151, A2256 and A3122. In Fig. 2 this type of profile is indicated by F.
(iii) Inverted profiles, in which the estimates of (Tv are consistent with a VDP in which the central value of (Tv (the value for distances less than 0.2 h-1 Mpc) is significantly smaller than that in the second bin, as in A3128, or third bin, as in A194, or in which the VDP increases uniformly over the first When one of the three bins within 1 h-1 Mpc contain: less than five galaxies, so that an estimate of (Tv becomes ver; unreliable, the profile is considered Unclassifiable, indicate( by a U in Fig. 2 . As it turns out, all clusters with a l profile have an underpopulated central bin, i.e. less than five red shifts within the inner 0.2 h-1 Mpc. Visual inspection 0 the velocity-radius diagram and the VDP determined witl the LOWESS method suggests for A3094, A3112, A3651 an< A3825 that, if just a few more galaxies had been present in the first bin, these profiles would have been classified as Inverted Moreover, in all the clusters with an Unclassifiable VDP the centre is dominated by a very bright galaxy or a close binary suggesting that the classification of these clusters could have a physical basis.
In Table 4 we list some average properties of the differen classes, to see whether observational properties correlate witl the classification. We conclude that the classes do not diffe significantly as regards the mean globaLvelocity dispersion 0 with respect to the average density profile within a projecte( radius of 1 h-1 Mpc. There is a hint that clusters with a Peake( VDP have a higher-than-average (Tv, while clusters with at Inverted VDP have a lower-than-average (Tv. The average properties of the Inverted VDPs are biased by the presence 0 the two Virgo subclusters; without Virgo the average numbel of galaxies within 1 h-1 Mpc would be 78. The Unclassifiable VDPs, for which (almost by definition) the average centra surface density is significantly lower than for the other classes have a lower-than-average value of"N1.o, and a deviant average density profile. The VDPs classed as Flat have, on average a lower number of redshifts than the Peaked and Inverte( profiles, which could indicate that some profiles were classified Flat because of small number statistics. However, all the observed differences between the properties of clusters with Flat and Peaked or Inverted profiles are smaller than the 10' errors, and thus not significant. Hence, the first result of our classification is that 26 out of 72 clusters (36 per cent) have a Peaked VDP, 31 have a Flat profile (43 per cent), 10 have an Inverted profile (14 per cent), and five remain Unclassifiable (7 per cent).
Systematic effects that may influence the classification
Before we can attempt to draw conclusions about the physical state of clusters that are based on the classification of the VDPs, it is necessary to assess the robustness of our classification scheme, and correct where necessary the classification of individual clusters for systematic errors.
The presence of substructure
A VDP profile can be modified if the cluster contains several subclumps that have different line-of-sight velocities. This might show up in the velocity-radius diagram as an unbalanced distribution of galaxies with respect to the mean cluster velocity (see Fig. 1 ). Clusters with an Inverted profile in which substructure may have influenced the VDP are e.g. A400, A2063, A3128, and the Cancer cluster. Beers et a1. (1992) present evidence that points indeed to a clumpy distribution of matter in A400: the elongation of the X-ray surface-brightness emission is consistent with a model with two centres of emission that have the same separation as the two main subclusters that can be identified in the optical data. A3128 also shows signs of a complicated structure: the X-ray emission shows two peaks, although the secondary peak does not seem to be associated with a bright galaxy or an obvious subgroup.
It is clear that the velocity-radius diagrams do not tell the whole story: all four clusters give an impression of strong subclustering, but, upon inspection of the surface distribution of the galaxies, it turns out that what appears as an outlying group in the velocity-radius diagram is in fact distributed more or less in an annulus around the centre, rather than in a spatially concentrated clump. We illustrate this for A400 and A3128 in Fig. 4 , where the projected distribution of the galaxies is shown, with markers that scale in size with the velocity difference of the galaxy with respect to the global mean velocity. The galaxies that cause the high velocity dispersion between 0.2 and 0.5 h-1 Mpc lie roughly on an annulus around the low-O'v centre. In general it thus seems unlikely that the apparent substructure in the velocity-radius diagram has artificially transformed a Peaked profile into an Inverted profile. Ironically, in the only case in which a spatially compact 'velocity group' could be identified in the velocity-radius diagram, for A85, it turns out that, rather than destroying a Peaked profile, the substructure transforms a Flat profile into a Peaked one.
The Cancer cluster is an aggregate of perhaps as many as five groups, which are pairwise unbound (Bothun et a1. 1983 (5) alternative classification based on the removal of a certain fraction of the faint galaxies; column (6) percentage of brightest galaxies for which the alternative classification becomes valid.
The choice of the cluster centre
A wrong choice of centre can cause a Peaked VDP to be misclassified as F or I. Although for most clusters the adopted position of the centre is supported by mUltiple indicators, an average error of the order of 0.1 h-1 Mpc remains. Hence the first requirement for a robust classification is that it is stable against changes in the cluster centre of up to 0.1 h-1 Mpc. To check the stability of the classification we apply the 'position' test: for each cluster we pick at random 1000 positions within 0.1 h-1 Mpc around the adopted centre and compute the percentage of positions for which the classification differed from that obtained for the nominal centre. The results of this test are listed in Table 5 , columns 3 and 4. In only two cases, A978 and A3122, does the test find an alternative classification for more than about 50 per cent of the positions, and these were changed accordingly. In the remaining 70 clusters, the adopted classification is stable with respect to these variations of centre position; in 35 cases the classification remains unchanged in more than 99 per cent of the area within 0.1 h-1 Mpc around the centre. In another 18 clusters, the classification remains stable in between 85 per cent and 99 per cent of the area around the centre, while in 17 clusters the stability of the classification lies between 54 per cent and 85 per cent. We note that the Unclassifiable profiles are very stable, which indicates that a region of at least 0.3 h-1 Mpc around the central BCG has a low galaxy density, at least to the magnitude limit of the surveys.
The dependence on the magnitude limit
There are good reasons to suspect that there may be differences in the kinematics of the heavy (bright) and light (faint) galaxies. The characteristics of a VDP may therefore depend on the magnitude limit of the sample of cluster members, or on the ratio between bright and faint members in the survey. In Fig. 5 we show the VDPs for selections of the brightest 75, 50 and 25 per cent of galaxies in A1656 (Coma), and A2670. In both clusters, the value of O'v in the first bin decreases 0.5 -0.5 0 . ' . if one restricts the sample to increasingly brighter galaxies. With only the brighter half of its galaxies, A1656 would still have been one of the best surveyed clusters, but its VDP would have been classified as Inverted rather than Peaked. In A2670 the value of O'y in the second bin rises at the same time, increasing the contrast between the first and second bins, although not sufficiently to classifY it as Inverted. At the same time we see the noise in both bins increase, so here a major part of the effect we see may be simply the -result of small number statistics. It is thus conceivable that some of our less well-surveyed clusters with a Flat profile would have been classified Peaked or Inverted if more redshifts had been available. However, the more interesting result is that some of the well-surveyed clusters may have been classified as Peaked, while the brighter galaxies show an Inverted or a Flat profile, which is 'masked' by the fainter galaxies.
Clusters in which this 'masking effect' is important are interesting because the total population may be a tracer of the potential, while the bright population shows effects (probably) due to galaxy interactions. In order to quantify this effect, we have tested for all clusters whether the classification changes when removing faint galaxies one by one. The result of this 'luminosity' test is listed in Table 5 . If a transition to another class takes place the percentage of remaining bright galaxies is given. Column 5 contains the new classification, column 6 the percentage of bright galaxies left for which the new classification is still valid. In order to be less sensitive to noise, a new classification is only accepted when it is valid for a range in magnitudes that comprises at least 10 per cent of the galaxies.
Two effects seem to play a role in the transitions of profiles from one class to another. On the one hand there is the masking effect in which the VQP of a subset of bright galaxies is different from that of the set that also includes the faint galaxies. In three clusters, A1656, A3122 and A3158, an Inverted profile was recovered after removal of a sufficient fraction of the fainter galaxies, while in three other clusters, A1809, A2717 and A3744, a downward shift of the velocity dispersion in the first bin reveals an 'underlying' Flat profile 'hidden' within a Peaked profile. In four cases, A262, A496, A1631 and A3223, a Peaked profile was found for a subset of bright galaxies within a Flat profile.
On the other hand, there is a transition in 11 clusters out of 14 from a non-Flat profile to a Flat profile upon removing faint galaxies as a result of noise fluctuations in the first three bins. An example of this is A2670 in Fig. 5 . (These cases are not listed in Table 5 .) We also note that clusters with a large spatial scale may appear to have a Flat VDP if the decrease of O'y takes place outside the aperture of the redshift survey; e.g. if we had only data for A1656 in the inner 1 h-1 Mpc, i.e. the first three bins, the profile would have been classified as Flat. Combining this with the fact that clusters with a Flat profile have the lowest average number of redshifts (see Table 4 ), it is clear that the fraction of Flat profiles is likel) to be overestimated as a result of noise and/or insufficien1 sampling.
Whereas the results of the position test were used to revise the initial classification, the results of the luminosity test are kept as an alternative classification. So, it is clear that the feV! modifications described in Table 5 do not change the statistic! in Table 4 in a significant way. However, the fact that onl) 27 redshift surveys are reasonably complete to a magnitude limit (see Section 2.1) may have a significant influence on the statistics of VDPs. We have therefore redone the statistics ill Table 4 for the 27 clusters that have a survey completenes! of at least 80 per cent to a well-defined magnitude limit, and for the 18 clusters for which the surveys are more than 9( per cent complete. average lTv and the relative populations of the three inner bins are indistinguishable from those of the main sample. Only the average number of galaxies inside 1 h-1 Mpc is smaller, which is not very surprising, since we have imposed the magnitude limits and thus eliminated fainter galaxies from the surveys. Due to the small-number statistics the '90 per cent' sample cannot add much extra information, although it is interesting to note that, while the fractions of Peaked and Unclassifiable profiles remain more or less the same in all subsamples, the fraction of Flat profiles decreases steadily with increasing completeness. This supports again our suspicion that many Flat profiles are the result of undersampling.
Thus, although for about 15 per cent of the clusters the VDP may change as a function of magnitude limit, the absence of a well-defined magnitude limit in most clusters does not seem to have seriously affected the global statistics of the VD P classes.
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Statisticaljluctuations in the classification
It is of course impossible to tell from our projected data how often the classification suffers from (anisotropic) projection effects and chance positioning. N-body simulations of clusters, in which individual galaxies are identified (e.g. Gelb 1992; Suto, Cen & Ostriker 1992; van Kampen 1994 , are required to estimate how frequently a central depression in the velocity dispersion is caused by substructure, or results from a particular projection of the galaxy distribution. Because we expect a dependence on the choice of cosmogonic scenario, this subject will be addressed in more detail in a forthcoming paper.
However, we can test in a simple manner what fraction of each VDP class is due to noise fluctuations. The basic assumption here is that all clusters are isothermal, hence all VDPs are Flat. The values of lTv in the inner four radial bins should thus be equal. For each of these bins we have computed the median relative lIT error of lTv , med( bITv / lTv), noting that our classification scheme is independent of the absolute values of lTv. These median errors are respectively 0.17, 0.14, 0.13 and 0.18. The relative errors of lTv in each of the four bins are most likely to be Gaussian distributed with a spread that is reasonably approximated by the above four median values. A Monte Carlo realization of a VDP therefore consists of four values of the normalized lTv, obtained by adding to its expectation value, 1, a relative error randomly drawn from the respective Gaussian distributions. Since a value of lTv is given for all four bins, such a VDP would be classified as P, F or I. The presence of U profiles can be included by allowing 7 per cent of the VDPs to be Unclassifiable, in accordance with the observed fraction. From the classification of 10 4 Monte Carlo VDPs, we conclude that 68 per cent of the intrinsically Flat profiles would indeed be classified as Flat. Equal fractions of about 13 per cent of the Monte Carlo VDPs appear to be Peaked or Inverted. Comparison with the fractions in Table 4 suggests that most, if not all, Inverted profiles could thus be the result of noise, while 2/3 of the Peaked profiles are significant, that is, not due to noise fluctuations.
It is very important to bear in mind that this result is based essentially on the assumption that all VDPs are intrinsically Flat, i.e. that the dynamical state of all clusters is isothermal. If the 'natural' shape of the VDP is Peaked then the observed fraction of Inverted profiles may be much more significant, depending on the amount of 'Peakedness' one assumes to be intrinsic. Therefore we have generated a second set of simulations, in which the intrinsic VDP was Peaked with a linear slope such that the observed fraction of Peaked VDPs was reproduced. For this set less than 5 per cent of the VDPs were classified as Inverted, suggesting that about 2/3 of the observed Inverted profiles are significant. In this (!ase, all the Flat VDPs can be explained as the result of noise, for which we already found indications in the data.
Summary
Summarizing the results of the above analysis, we find that, after we apply the two modifications suggested by the position test, the final classification of the 72 clusters yields 27 Peaked profiles (38 per cent); 29 Flat profiles (40 per cent); 11 Inverted profiles (15 per cent), and five Unclassifiable profiles (7 per cent). Of the Peaked profiles three become Flat and two become Inverted when a sufficient number of faint their observations of A2670, Sharples, Ellis & Gray (1988) explicitly mention such an effect, but it may be operative in many cluster redshift surveys, in particular when surveys with varying depths are combined. The result may be that the velocity dispersion increases for fainter galaxies simply because they were selected primarily in the central region where the overall velocity dispersion is high. The predicted increase of the extent of the galaxy distribution with decreasing luminosity may have been neutralized, if not inverted, by the fact that the fainter galaxies were selected only in the central parts of the cluster. We have carried out the following test for the 53 clusters in our sample for which 30 or more magnitudes are available within a radius of 1.5 h-1 Mpc. After sorting the galaxies on magnitude we compute for each galaxy the statistic Aj = (rankt + rank~);/2, where rankv is the rank of galaxy i when the galaxies are sorted (ascendingly) on absolute velocity difference with respect to the average velocity of the cluster, and rankR is the rank of the galaxy when the galaxies are sorted on their distance to the cluster centre. In Fig. 6 we show normalized values of A (obtained by dividing by the median value of A) as a function of apparent magnitude, so that bright galaxies are on the left and faint galaxies are on the right. The curve is the result of a LOWESS fit to the points (mapp,j, Aj), in the same manner as described in Section 3.1. For clusters with magnitudes estimated by Dressler (1980) the bins represent averages over galaxies with equal integral values of the estimated magnitude. The type of magnitude is indicated in the upper left hand corner. Dressler's magnitudes are considered as V-band.
The form of the A-statistic is chosen to evaluate the velocity dispersion and the radial extent of the galaxies in the bin @ 1996 RAS, MNRAS 279, 349-388 simultaneously, without being sensitive to outliers or to the selection effect described above. In the case of LS we expect bright galaxies to have a low value of A and faint galaxies to have a high value of A. So, if A increases from the brightest to fainter galaxies, it is consistent with the predictions of MS. In the absence of LS we expect the curve to be flat with a value A = 1. The distribution of random deviations from this expectation value is obtained from 1000 Monte Carlo models of the cluster, from which any signal of LS is removed by shuffling the magnitudes of the galaxies with respect to the velocities and radial distances. The dashed horizontal lines in Fig. 6 indicate the 90 per cent confidence interval of the 'scrambled' value of A, while the dotted lines indicate the 99 per cent confidence interval.
We define that a cluster exhibits significant LS when at least two of the leftmost bins have a A smaller than 90 per cent of the random values, and there is a gradual increase in the value of A towards fainter galaxies. Note that in A2151 the brightest galaxy is located outside the central 1 h-1 Mpc. The 12 clusters with significant LS are shown in the three leftmost 'columns' of Fig. 6 . The 'strength' of the signal is defined as the number of brightest galaxies that lie below the 90 per cent line. In A3744 the strength is 2, for the early-type galaxies in Virgo N it is 9, while in A3716 S it is 7 (based on the number of galaxies with Dressler magnitudes equal to 13). The average strength of LS in these 12 clusters is 4.6 ± 2.5, which shows that the effects of LS in these clusters are generally limited to the five brightest galaxies.
The next five clusters in Fig. 6 (A151 to A3223) are examples of clusters with strength 1, i.e. clusters in which only the brightest galaxy has a significantly low value of A. In these five clusters four have a cD as their BCG, which is consistent with the picture of cDs being at rest at the bottom of the potential well of the cluster. Only A3223 does not possess a dominating central galaxy.
In the case that the fainter galaxies are primarily observed in the central parts of the survey we expect a decline in the value of the statistic beyond the magnitude where this selection effect becomes important. Examples of this effect can be found in the surveys of A2670 and A3128, which become incomplete in the applied aperture beyond magnitudes of about 19 and 16.9 in their respective colours.
We have inspected the velocity-radius diagrams of the clusters in which we detected LS to check the origin of the signal. Usually, the BCG is in the centre and has a low velocity offset. Only in a few cases, such as A3716 S, do other bright galaxies clearly show the combination of both a small distance to the centre and a small velocity offset. This, in combination with the relatively small number of galaxies involved, seems to indicate that LS in clusters is detectable, but not very strongly.
Inverse LS and substructure
The remaining seven clusters in Fig. 6 (A119 to Virgo S) are examples of a remarkable phenomenon, which is best characterized as 'inverse LS'. In 11 clusters in our sample the brightest galaxies have significantly high values of A, while A gradually decreases towards fainter galaxies (four of these cases, A978, A1631, A3806 and S373, are not shown in Fig. 6 ). In the cases of A1656, A2670 and A3128 the value of A continues to decrease down to the magnitude limit, and starts to rise again for the (incompletely sampled) fainter galaxies. .,
..:. Figure 6 . Test for LS inside one Abell radius. Values for the ranks are obtained from sorting the galaxies ascendingly on velocity w.r.t. the cluster, and distance from the centre, respectively. The colour of the apparent magnitude is indicated in the upper lefthand corner.
The reason for this phenomenon is unknown. It is unlikely to be due to incompleteness because most of these clusters are surveyed to a high degree of completeness down to welldefined magnitude limits, and this effect manifests itself for galaxies that are much brighter than the magnitude limit. It is tempting to explain it as the result of substructure, where the bright galaxies are located in a subclump, which would thus explain their high l-values. Indeed, A1656, A2670, A3128 and Virgo S show scores on the Dressler & Shectman (1988b) 
Correlation between LS and VDP type
One might expect that clusters with a VDP that becomes more Inverted for brighter luminosities (i.e. clusters that score on the luminosity test discussed in Section 3.3, indicated by a transition from P to F or F to I in Table 5 ) would also exhibit strong signals of LS. In clusters with LS the bright galaxies have a relatively small O'v and are more centrally located than fainter galaxies, so, by removing the fainter galaxies, the central value of O'v should decrease. Although this is seen in A3122 and A3744, the opposite is true for A262, in the sense that its VDP classification changes from F into P upon removal of faint galaxies. Also, several of the clusters with inverse LS, e.g. A1656 and A3158, have VDPs that become more Inverted, instead of less, as one would expect for inverse LS. So, among the cases listed in Table 5 there is no correlation between the score on the 'luminosity' test for VDPs and the strength of the signal of LS. There is no correlation between profile type and LS. This is apparent from the fact that all types of VDPs are represented among the clusters in which we detect LS, in the equivalent proportions (considering the small number of clusters involved). The same is true for the clusters with inverse, LS.
This lack of correlation is not so surprising given that the LS we detect is usually limited to only a few of the brightest galaxies, whereas the VDP is dominated by the fainter galaxies.
LS among early-type galaxies
Bright infalling galaxies, projected on to the central regions, may have masked the effect of LS, or even caused the above inverse LS. We check whether this is likely by examining in more detail those clusters for which morphological data exist.
When selecting early-type, i.e. E and SO, galaxies we will, by virtue of the observed correlation between morphology and density (Dressler 1980 , and references therein) or distance (see Whitmore, Gillmore & Jones 1993 , and references therein), restrict the analysis to galaxies primarily in the central regions where the relaxation effects are strongest. There are 13 clusters for which at least 30 galaxies are classified as early-type within a radius of 1.5 h-1 Mpc. However, only in Virgo N is the signal for LS actually stronger in the early-type population than in early-and late-type galaxies combined. In the other clusters the advantage of using early-type galaxies is offset by a reduction in the signal due to the smaller number of galaxies. In none of the clusters do we find a contradiction between the behaviours of the early-type galaxies and the combined populations. We note that the effect of inverse LS, described above, is also present in the early-type populations of A1656, A3128 and Virgo S.
Summary
Summing up, significant evidence of LS is found in 12 clusters, 23 per cent of the sample of 53 clusters with sufficient photometric information, namely A262, A514, A548 W, A2151, A3122, A3341, A3526 B, A3695, A3716 S, A3744, A3822 and the early-type population of Virgo N. If observed, LS is generally limited to a handful of very bright galaxies. In about the same number of clusters, 11, a signal of inverse LS is found.
Comparison with X-ray temperatures
The X-ray gas is expected to be a good tracer of the cluster potential (Sarazin 1988 ) and its temperature can be used as an independent reference value for comparing velocity dispersions. For a cluster with LS we would expect that the velocity dispersion of the bright galaxies in the centre is smaller than the value implied by the temperature of the X-ray gas. This is indicated by the parameter P = a~ gal/-lmH/kTx which is then expected to be less than 1. In the literature this parameter is often called Pspee, to distinguish it from the Pfit in the models of the X-ray surface-brightness profile. From a fit to the relation between known X-ray temperatures and velocity dispersions taken from the literature, Lubin & Bahcall (1993) find an average value for P very close to 1, confirming a similar conclusion by Edge & Stewart (l991b). When we recompute the values of the global velocity dispersions with the corrections outlined above, we find for the 28 clusters listed in Table 7 for which X-ray temperatures have been measured that (Pspee) = 0.80 ± 0.37.
However, the observable X-ray gas is confined to the very central region of the cluster, roughly within 0.5 h-1 Mpc. This is also the region where the effect of LS is expected to be most noticeable. Hence it is more appropriate to compute P with the velocity dispersion of the galaxies in the inner 0.5 h-1 Mpc. We then find (PO.5) = 0.97 ± 0.47, again very close to 1. This result could be affected by projection effects. In particular, infalling galaxies projected on to the central region where the X-ray gas resides could raise the apparent value of the central velocity dispersion. For 18 clusters in our sample we can make use of the morphology-density relation to compute the value of P for the early-type galaxies inside a radius of 1.0 h-1 Mpc. We then find (PE/SO) = 0.75 ± 0.26. @ 1996 RAS, MNRAS 279, 349-388 Notes: column (2-4) the Pspee-parameter based on respectively the global velocity dispersion, the velocity dispersion of galaxies in the inner 0.5 h-1 Mpc and early-type galaxies in the inner 1.0 h-1 Mpc. The average 10-errors are respectively +0.48/ -0.21, +0.64/ -0.30 and +0.25/ -0.15.
However, from this sample a few high-P clusters are missing, e.g. A426, the Perseus cluster, and A1689. For the same 18 clusters the value of (PO.5) based on all galaxies inside 0.5 h-1 Mpc is 0.87 ± 0.34. The Kolmogorov-Smirnov test does not indicate a significant difference between the two distributions of p: D = 0.27, corresponding to a probability of 49 per cent for both distributions being drawn from the same parent popUlation. So, from these data, no evidence exists that the early-type galaxies are moving more slowly than average, or have a velocity dispersion that is lower than expected from the temperature of the gas. Unfortunately, in only two clusters for which we have an X-ray temperature do we also detect LS, so a direct comparison between LS and the value of P is hardly possible. We note that for these two clusters, A2151 and Virgo N, the values of P for the galaxies inside 0.5 h-1 Mpc and for early-type galaxies are greater than 1, contrary to the expectations for clusters with LS. Also, for two clusters in which only the central giant moves significantly more slowly than the other galaxies, A426 and A3112, the values of P are larger than 1. Finally, there is no relation between the value of P and the detection of inverse LS. Again, the most likely explanation for this lack of correlation is that the detected inverse LS is limited to a small ~O number of bright galaxies, while the value of P is based on more, fainter galaxies. A final question is whether the clusters with an Inverted VDP have a lower-than-average mean value for the p-parameter. There is no strong evidence that this is the case for either definition of p. For galaxies in the inner 0.5 h-1 Mpc, the value of (P) is 0.80 ± 0.36 for the five Inverted profiles, against 1.11 ± 0.49 for the 23 non-Inverted profiles, a difference that is only significant at the 1/1 level. For the early-type galaxies the values of (P) are respectively 0.83 for Inverted against 0.79 for non-Inverted profiles, a difference that again lies well within the error margins.
Energy input from galactic winds or gas stripped from fast-moving galaxies may heat up the X-ray gas with respect to the galaxies (see Edge & Stewart 1991b or Metzler & Evrard 1993 , while on the other hand substructure and projection effects may cause the galaxy population to appear hotter than the gas. Therefore it is perhaps not very surprising that there is no correlation of the temperature of the X-ray gas either with the kinematics of different morphological types, or with the form of the VDP. Bothun & Schombert (1990) have reported an excess of lowvelocity galaxies in the central 0.25 h-1 Mpc of clusters with a cD. This result was later confirmed by Merrifield & Kent (1992) , although they estimate that the fractional excess is quite low, 5 per cent of the total number of galaxies within this radius. Clusters with Inverted VDPs could be cases in which low-velocity galaxies around a cD, its satellites perhaps, influence the velocity dispersion in the first radial bin. Model calculations by Merritt (1984 Merritt ( , 1985 suggest that cDs form during the collapse phase of the cluster rather than through cannibalism in the later two-body relaxation stage. Early tidal truncation of galaxy haloes may even prevent large relaxation effects. In the latter case one would expect Inverted profiles to avoid clusters with a cD, in particular those with an envelope, as observed by Schombert (1988) .
Clusters with a BCG
In Table 8 we give a summary of the relevant data in Table 6 . We use the term 'BCG' rather loosely, indicating central giants and cDs as well as Ds, gEs' or close binaries, as long as they are considerably brighter than the surrounding galaxies and located in the centre. In Table 8 we have counted a binary containing a cD under both the headers 'cD' and 'binary'. Table 8 shows that clusters with an Inverted VDP less often have a BCG than clusters with another VDP. A x2-test (e.g. Hays 1994) on the numbers in Table 8 indicates that this effect is significant at the 99.9 per cent level, but, because there are clusters with a BCG that do have an Inverted VDP, this does not imply a direct causal relation. Moreover, if four out of five Unclassifiable VDPs turned out to be Inverted, as seems to be indicated by their continuous VDPs in Fig. 2 , this signal would disappear entirely. On the other hand, for the clusters with an Unclassifiable profile the presence of the BCG does seem a conditio sine qua non, but, due to the small number of these clusters (five), the significance of this result is still not better than 90 per cent.
According to Table 9 , clusters in which we detect LS do less often have a BCG than clusters without detectable signs of LS. However, given the numbers in Table 9 this effect is not very significant (just beyond the 1/1 level). If true, this result would support Merritt's (1985) picture of a generally early formation of the BCG, followed by the tidal truncation of galaxy haloes close to the BCG, which then prevents further MS. We will discuss this matter further below.
Relaxation times
Following Spitzer & Hart (1971) and BT87 we define the relaxation time of a cluster as the time-scale on which the change in the kinetic energy of a typical galaxy due to encounters with other galaxies is of the same order as the (initial) kinetic energy itself. Defined in this way, the relaxation time has the meaning of an orbital decay time-scale, and is given by:
where /1 is the one-dimensional velocity dispersion, P the density, mgal the average mass of a galaxy in the cluster, and A = bmax/bmin the ratio between the largest and smallest impact parameters of an encounter.
Because the velocity dispersion and the density in clusters are steep (although coupled) functions of radius, and the galaxy masses in clusters span a range of six decades, the above relaxation time may vary by several orders of magnitude depending on position in the cluster and galaxy mass. Therefore we use the median relaxation time for the region inside the half-mass radius rh (cf. Spitzer & Hart 1971; BT87, p.514) :
where tH is the Hubble time, and rh is the half-mass radius defined such that M(rh) = 4 M(r). The mass of a typical galaxy is approximated by mgal ~ m. ~ 1.0 x 1011 h-1 M 0 , where the characteristic luminosity of the luminosity function of field galaxies is L. = 1.0 X 10 10 h-2 L0 (e.g. Efstathiou et al. 1988) and the vi{ / !l'-ratio of elliptical galaxies is 1" ~ lOh 1"0 (e.g. Lauer 1985) .
The mass as a function of radius, M(r), is estimated with the virial mass MVT(R) (equation 1). The accuracy of the virial mass as an estimator of the true mass is still a matter of debate: see e.g. the discussions by Heisler, Tremaine & Bahcall (1985) , Perea, del Olmo & Moles (1990) and Thomas & Table 11 the average results are presented for the different profile types. There appears to be a slight dependence of relaxation time on profile type, in particular for to.5. Although the errors are large, there is a suggestion that clusters with Peaked profiles have shorter relaxation times than those with Inverted profiles. On average r1.0 is 1 h-I Mpc, with a spread of 0.5 h-I Mpc. Thus the region that is expected to be relaxed is indeed smaller than the average radius of the region with an overdensity of 178, but still comprises the inner three bins of the VDP. Apart from a few outliers, rO.2 is generally smaller than 0.5 h-I Mpc. On average it is 0.27 h-I Mpc, so the innermost bin of the VDP corresponds to a region that is dynamically relaxed. The average values of rO.2 are indistinguishable for clusters with different types of VDP, i.e. the differences in relaxation times between the Peaked and the other profiles, if any, disappear at smaller radii. Inside 0.27 h-I Mpc all clusters have about the same dynamical age, although Table 10 shows that the variations between individual clusters are still considerable.
There is no significant correlation between the relaxation time and LS, as defined by our test. Because in all clusters r1.0 is larger than 0.6 h-I Mpc, there is no obvious contradiction between the apparent dynamical stage of the clusters and the occurrence of LS, but neither have the clusters with signs of LS significantly larger values of rl.O than others. So, other circumstances during the evolution of the cluster, like for instance the stripping of galaxy haloes by tidal fields, must determine whether or not we observe LS today.
A COMPARISON BETWEEN MODELS AND DATA
In this section an attempt is made to understand the various types of VDPs that were found in Section 3. Although Nbody simulations are obviously the preferable tool for the study of the dynamics of complicated non-linear structures such as clusters, it is useful to start by comparing the data with much simpler analytical models. The issue we try to answer here is simpler than how the observed clusters evolved to their present state from initial conditions; we only want to investigate what dynamical 'ingredients' are necessary to explain the variety of observed VDPs. Because in N-body simulations the importance of dynamical effects like mass segregation or orbital circularization is quite sensitive to details of the modelling of the galaxy haloes (see e.g. Bertschinger & Gelb 1991; Couchman & Carlberg 1992; Carlberg 1994; , it is worthwhile to consider first models in which the strength of these effects can be varied as a model parameter. We will compare the observed VDPs with projected VDPs that follow from such simple models. We have attempted to strike a balance between the advantages of conceptual simplicity and computational speed, allowing a thorough survey of parameter space, and the disadvantage of simplification and approximation. In Appendix A a detailed mathematical description of the models used in this section is given, so that we limit ourselves here to an outline of the concepts, a justification of the assumptions and a discussion of the results.
The model VDPs
The ingredients o/the models
We make the following ~implifying assumptions about the dynamical state of clusters: they are taken (1) to be spherically symmetric, (2) to have a central region that is in hydrostatic equilibrium where the radially averaged overdensity exceeds the canonical value of 178, (3) which is surrounded by a region of radial infall according to the spherical infall model of Gunn & Gott (1972) , and (4) to have distributions of dark matter and galaxies that are both described by either a modified Hubble (mH) profile (e.g. BT87) or a deprojected de Vaucouleurs (dV) profile (de Vaucouleurs 1948; Mellier & Mathez 1987) , which do not have to be identical for dark matter and galaxies. The velocity distribution in the central and the infall region follows from the chosen mass profile and an assumption about the run of the velocity anisotropy in the central region. The projected VDP is computed as the convolution of the galactic density profile and velocity field, projected along the line of sight.
The assumption of spherical symmetry is hard to avoid in (semi-)analytical models of clusters, although it is difficult to justify it from a theoretical point of view. Lin, Mestel & Shu (1965) argued that clusters are likely to be triaxial, as small initial deviations from spherical symmetry are amplified during the gravitational collapse. Gravitational forces and velocities are then no longer aligned, and a fully analytical treatment of cluster evolution becomes impossible. Moreover, the initial situation is already most likely not spherical, as clusters are found to be part of even larger structures. Indeed, van Haarlem & van de Weygaert (1993) find that the probability of a spherical protocluster arising from a Gaussian random field is zero.
From N-body simulations designed to model the velocity field around the Virgo Supercluster in the regions of small overdensity, Villumsen & Davis (1986) concluded that tidal fields cause deviations from spherical symmetry in the flow field, but that the velocities remain well aligned with the force field. They also concluded that the spherical infall model sys-tematically overestimates the true infall velocity while radial and transverse distortions occur of up to 20 -50 per cent of the mean infall velocity. Van Haarlem & van de Weygaert (1993) also compare the predictions of the spherical infall model with the outcome of N-body simulations, but they concentrate on the higher density regions of a Coma-type cluster. They do not find the systematic overestimation by the spherical model. However, the spherical infall model appears to break down inside a radius of 2.5 h-1 Mpc, as expected in the presence of a relaxed centre. The main cause for the deviation from spherical symmetry seems to be substructure, which destroys the force-velocity alignment. Relaxation effects on the other hand will dissipate substructure and drive the cluster towards a higher degree of symmetry. The applicability of spherical models to individual clusters will therefore depend on the evolutionary stage and details of the dynamics of these clusters, but it seems that in general the model of a spherical core in hydrostatic equilibrium, surrounded by a region of radial infall described by the spherical infall model, is a suitable zeroth-order approximation of the cluster dynamics.
From both the observational and theoretical points of view it is still unclear whether the mass distributions in clusters have a core radius, rc, inside which the density becomes constant (not to be mistaken for the virial radius rvi" which is in general much larger), or that the density increases into the very central regions without levelling off.
An often used and mathematically convenient parametrization of a density profile with a density core in the centre is the modified Hubble (mH) profile (equation AI). Both the three-dimensional and projected two-dimensional profiles have a simple analytic form, with three parameters: the core radius rc, the logarithmic slope y, and the central density Po. For radii r ::> rc the profile approaches a power law, but the density obviously cannot become infinite in the centre.
The de Vaucouleurs (dV) or r 1 / 4 -profile is the best known example of a density profile without a break. Originally, de Vaucouleurs' law described the surface-brightness distribution of galaxies (de Vaucouleurs 1948 ). An analytical expression for the three-dimensional deprojected profile does not exist, although recently an approximation has been found by Mellier & Mathez (1987) that is accurate to within 1 per cent over the entire range of radii. This is a two-parameter model (equation A2), determined by the density scale and the effective radius re, inside which half of the projected density is contained. The total mass of the profile is finite.
All recent theoretical studies that have been undertaken to model the formation and evolution of collisionless systems, in particular collapsing and interacting galaxies (e.g. Pearce, Thomas & Couchman 1993; Londrillo, Messina & Stiavelli 1991; Katz 1991; Aquilar & Merritt 1990) , confirm van Albada's original result (1982) and find that the final relaxed configurations do not show a break in the density profile beyond the resolution limit of the simulation and follow approximately de Vaucouleurs' law. Since there is no reason to expect that (dissipationless) dark matter behaves very differently on galaxy scales from cluster scales, we generalize these results to clusters.
A comparison between the (y = -3) mH-profile and the dV-profile by Rhee & Katgert (1991) shows that both fit the surface density profiles of clusters about equally well. Still, only a weak correlation of 0.29 between the scale rc of the mH-profile and the scale re of the dV-profile is found from @ 1996 RAS, MNRAS 279, 349-388 joint fits to 93 cluster galaxy surface-density profiles by these authors. If we compare the fits of both profiles with the virial mass profiles of our 72 clusters (see Table 10 ), we find a much better correlation of 0.85. Interestingly, in a recent study of arcs and arclets in the distant cluster MS2137-23, MiraldaEscude (1994) is able to rule out the dV-profile, and other models with a central cusp, in favour of mH-type profiles with small core radii. On the other hand, we find that in at least two clusters, A1367 and A1689, the fitted core radius rc is so small (i.e. less than 10-3 h-1 Mpc) that it is effectively zero, thus suggesting a cusped profile. Moreover, the dV-profiles provide in general a better fit to the mass than the mH-profiles: in almost all cases the x 2 -value of the fit for the dV-profiles is slightly lower than for the mH-profiles. However, as long as the formation process of mass profiles is not fully understood and observations do not strongly suggest one of the two types, we will consider both types of profiles as model ingredients.
The input parameters
Next, we have to determine a domain in the model-parameter space that is consistent with observations and theory.
The range in values for the scale lengths that follow from the fits to the virial mass profiles in Section 4 are respectively for the mH-and the dV-profiles 0.0 < rc < 0.4 h-1 Mpc and 0.04 < re;;; 10.0 h-1 Mpc. Small core radii are also suggested by the mass distributions derived from the modelling of arcs and arclets observed in (distant) clusters. For A370 Grossman & Narayan (1989) find rc = 0.06 h-1 Mpc, and for various models of MS2137-23 Miralda-Escude (1994) even finds values for rc as small as 0.01 h-1 Mpc. Small core radii are also found by Durret et al. (1994) , who have fitted mH and dV mass models to Einstein X-ray observations of 12 clusters. They find 0.04 < rc < 0.24 h-1 Mpc (although the slopes they fitted are less steep than -3) and 0.04 < re < 0.4 h-1 Mpc. Hughes (1989) shows that the X-ray temperature profile measured in the Coma cluster is incompatible with distributions of the dark matter with core radii that are more than twice that of the X-ray gas. Using these constraints as a guideline, we adopt the following range in scale lengths for our models: 0.02 < rc < 2.0 h-1 Mpc and 0.05 < re < 5.0 h-1 Mpc, for the mH-and the dV-profiles respectively.
For the mH-profiles a range in slopes y must also be specified. For y = -3 the inner region of the profile approximates the King (1966) model of an isothermal self-gravitating system (BT87), while for y = -2 the outer parts of the profile follow the isothermal model. Calculations of the accretion of spherical shells of matter on to seed perturbations in an Einstein--de Sitter (0 = 1) universe with a uniform background (Bertschinger 1985) or a power-law spectrum of density perturbations [P(k) oc kn] (Hoffman & Shaham 1985; Hoffman 1988; Ryden 1988 ) suggest -1.5 ~ y ~ -2.25, i.e. approximately isothermal profiles. Hoffman & Shaham find p oc r-3(3+n)/(4+n), suggesting that, at least in the CDM scenario, clusters have steeper density profiles than galaxies. The flat rotation curves observed in galaxies therefore imply that we take y = -2 as a lower limit to the slope. On the other hand, the N-body simulations by With the scale length (and the slope) specified, the central lensity is fixed by the mass inside a given radius. As the masses )f clusters are better known than the central densities, we use he mass (out to the turn-around radius) to fix the central lensity of the model. The range in masses we have adopted, ) x 1013 h-I Mo < M turn < 5 X lOIS h-I Mo, exceeds the ·ange in Abell masses MAbeU = M( < 1.5h-1 Mpc) estimated 'y Bahcall & Cen (1993) for Abell R ~ 0 clusters by a factor 2, lccounting for uncertainties in the estimate of cluster masses md differences between Mturn and MAbeU. If the dominant mass component of clusters consists of lissipationless dark matter, clusters will collapse adiabatically md the resulting virialized system will have a density of (at east) 178 times the background density: see e.g. Gunn & Gott 1972); Peebles (1980) ; Maoz (1990) , and the discussion above. <\. more extended discussion of the collapse of clusters is given 'y Bertschinger (1985) . The radius rvir that forms the interface )etween the region of infall and the relaxed inner region of the cluster (i.e. the virial radius) depends on the equation of ;tate of the infalling material and can range from O.l06rturn for a relativistic gas to 0.364rturn for collisionless material. fhe spherical infall model predicts a value of rvir = 0.214 rturn for a density profile p ex r-2 . 25 (Bertschinger 1985) , which ;trikes a balance between the above extremes of relativistic :md collisionless materials. The virial radius predicted by the ;pherical infall model becomes larger for steeper slopes of the :lensity profile, e.g. rvir = 0.315rturn for y = -3. These values for rvir are probably upper limits, because, if any cooling takes place, kinetic energy is removed from the virialized region and, as a consequence, the size of the final equilibrium configuration will be smaller. Fig. 7 shows examples of projected VDPs for model clusters with a constant.A / 2'-ratio and a mass out to the turn-around radius of M tum = lOIS h-I Mo. The projection assumes an idealized removal of interlopers: only contributions from inside the turn-around radius add to the projected profile, cf. equation (A20). The run of the density profiles is presented in the leftmost column. The second column shows models without a virialized central region; all the line-of-sight velocity dispersion is due to the projection of infall motion. Models without infall motion are shown in the third column. These clusters are assumed to be in hydrostatic equilibrium out to the turn-around radius, with an isotropic velocity distribution. The models in both columns are unphysical when the formation history of the clusters is taken into account, but they illustrate the two most simple and extreme situations. The rightmost column shows a more physical model, in fact our standard model, composed of the two former models: the velocity field inside the virial radius is given by the hydrostatic equilibrium model, and that outside the virial radius is given by the spherical infall model.
The projected VDPs
The form of the observed VDPs
The problem of the comparison between observed and theoretical VDPs is a matter not of absolute scale but of the form of the profile. The VDPs scale with mass, hence the peak velocity dispersion, or any other gauge of the O"v -scale, can always be explained by a suitable choice of the mass. (Although a value @ 1996 RAS, MNRAS 279, 349-388 of almost 2300 km S-I, as we find in A1689, will call for quite a massive cluster.) To compare VDPs of different forms we have applied the fixed binning, introduced in Section 3, to the theoretical profiles also. The form of a profile can then be expressed in terms of ratios of velocity dispersions in adjacent bins (see Table 6 ). Because the bins are fixed it is essential to compare only profiles of clusters that have roughly the same mass. It would obviously be a bad idea to try to compare e.g. A3526 S with a Coma-type model, or vice versa, using the fixed bins, even though the shapes of the VDPs are quite similar.
As a gauge of the scale, we use the velocity dispersion in the third bin, between 0.5 and 1.0 h-I Mpc, rather than the innermost bin, where the effects of the various model assumptions, as well as the observed gradients in the profiles, are strongest. We would have preferred to use an even more outlying bin, but 1.0 h-I Mpc is likely to be still within the virialized central region of most clusters, so the velocity dispersion in this bin is likely to be directly correlated to the mass of the cluster. Moreover, already the fourth bin, between 1.0 and 1.5 h-I Mpc, is not always sampled, e.g. in A1367 or in the subclusters of Virgo where a cut-off radius was imposed.
We have decided not to scale the VDPs to either the light or the mass profile. As we have discussed in Sections 2 and 3, only a third of the redshift surveys discussed in this paper are reasonably complete with respect to a magnitude limit. For the remaining surveys it is therefore not possible to make a meaningful fit to the galaxy surface-density profile. We find that the sample of clusters with a magnitude-limited survey is too limited for a discussion of the physical interpretation of the VDPs. The lack of a well-defined magnitude limit in the majority of clusters also plays a role, although to a lesser extent, in the accuracy of the fits to mass profiles, as listed in Table 10 . Our main objections against scaling the VDPs to the mass profile are that it would mix observational facts, namely the unscaled VDPs, with model assumptions about the mass distribution in clusters, and that it would introduce an additional error to the comparison between data and models, coming from an (imperfect) fit of the mass profile to the data. Fig. 8 shows four indicators of the form of the observed VDPs. The upper two plots show the ratios of the velocity dispersion in the first bin to that in the second, O"v(1)/O"v(2) , and that in the first bin to that in the third, O"v(l)/ O"v(3) , as a function of the gauge, i.e. the velocity dispersion in the third bin, O"v(3) . Both are indicators of the form of the inner parts of the VDPs. The symbols indicate the classification of the VDPs discussed in Section 3. This figure is based on the data listed in Table 6 . Up-pointing triangles correspond to Peaked profiles, squares to Flat profiles, down-pointing triangles to Inverted profiles, and circles to the Unclassifiable profiles. Open markers indicate the classifications that were obtained by imposing a stronger magnitude limit. As expected, the vertical segregation between the various classifications is clearly visible. Also shown are the five largest and five smallest errorbars of the sample. From their sizes we conclude that the noise is larger in the upper half of the two plots, i.e. some of the most Peaked profiles may be due to noise. On the other hand, there are several VDPs that were classified as Flat, which have a ratio of O"v(1)/O"v(2) that puts them clearly in the domain of the Peaked VDPs. This illustrates once again that some Peaked VDPs were misclassified as Flat due to noise. Table 6 ). Errorbars are given for the datapoints with the five largest and the five smallest errors.
The lower left plot shows the ratio of the velocity dispersion in the fifth bin, between 1.5 and 3.0 h-1 Mpc, to that in the third, uv(5)/uv(3), as a function of the mass gauge. As we expect the fifth bin to lie outside the virial radius of most clusters, this ratio is an indicator of the form of the VDP outside the virialized region. It may thus test the assumption of pure radial infall outside the virial radius, which is made in all models. However, in practice it is difficult to distinguish between significant tangential motions and outlying galaxies that our interloper criterion failed to remove. Moreover, the number of clusters with velocities beyond 1.5 h-1 Mpc is small and the errorbars do not permit any firm conclusions. Therefore we concentrate in our analysis of the VDPs on the inner 1.5 h-1 Mpc.
Finally, in the lower right plot the shapes of the profiles are assessed by comparing the ratio uv(1)/uv(2) with the ratio uv(2)/uv(3). A point above the diagonal indicates a centrally peaked profile or a profile with a sharp central decline, while a point below the diagonal indicates a centrally flattened form. It is apparent from the plot that a slight majority of the Peaked profiles are centrally peaked, i.e. they have the largest gradient in the central two bins. Of the Inverted profiles the majority are centrally flattened.
Comparison between data and models
By integrating the model VDPs over the radial ranges of the fixed bins we obtain the model values of the uv(i), which can be compared with the observed values in the manner of Fig. 8 . By variation of one of the model input parameters over the range specified above, while keeping the other(s) constant, we generate tracks that can be overlaid on the cloud of datapoints in the plots of plane are shown in Fig. 9 for the three families of model~ of Fig. 7 and the points in Fig. 8(a) . There is no theoretical objection against the use of the relation uv (1)/uv(3) versU! uv(3) instead, but in practice it turns out that this relation ha~ slightly less power to discriminate between the various models than uv(1)/uv(2) versus uv(3), and plots corresponding to !ngth rc or re along which the mass Mturn is varied, while the ertical tracks are tracks of constant Mturn. The value of O'y(3) l indeed closely correlated with the mass. Different values of he slope')' of the mR-profile generate different but parallel Ileshes, but hardly alter the direction of the tracks. For models ~ith an mR-profile there are combinations of rc, ')' and Mturn hat are within the ranges, but result in a cluster that has .n overdensity that is everywhere smaller than 178. In such Ilodels we lower the core radius rc so that the central density lecomes 178 times the background density. Renee the tracks If models with a mR-profile are limited on the low side by hese critical 'rvir = 0' models. needed. There seems to be little difference between models with mR-or dV-profiles: for both types the chosen ranges in input parameters map on to about the same areas in the O'y(3) -O'y(1)/0'y(2) plane, hence models with either type of density profile explain the observed VDPs equally well.
To explain the VDPs with the steepest gradients, steep, peaked density distributions are required, with power-law slopes ' )' steeper than -3.7, and length scales that are respectively rc = 0.02 -0.04 h-1 Mpc for mR density profiles and re ~ 0.1 h-1 Mpc for dV-profiles. These are values that are about an order of magnitude smaller than the average radii derived by Rhee (1989) from fits to the galaxy surfacedensity distribution, but in accordance with the values fitted in Section 4 to the estimated mass profiles, as is apparent from Table 12 . This is not very surprising, as the assumptions about the mass profiles and the data are the same in both cases.
Numerical simulations of the gravitational collapse of overdensities, e.g. by , have already shown how density distributions can arise that are in projection very similar to de Vaucouleurs' law, and that have power-law slopes that steepen with radius to values as low as -4 at large radii. Steepening beyond a slope of -3 at large radii is also necessary if the total mass is to be finite. Therefore it is not the steep slopes but the small scale lengths that are the puzzling aspect of the Peaked VDPs. There are several possible causes for density profiles to become this peaked.
First, a BCG could dominate the density distribution in the centre. Indeed, of the 12 clusters with the steepest gradients in the sample, A119, A168, A262, A399, A496, A539, A1367, A1631, A1809, A2124, A3526 B, and A3809, nine have a single giant galaxy in their centre, while three do not have a dominant giant in their core, namely A168, A539 and A1367. Given that of the 72 clusters in our sample 41 have a single BCG, nine have a binary BCG and 22 have no BCG, the chance of finding nine clusters with a single BCG in a random sample of 12 is 0.03. But, although the presence of single BCGs among these 12 clusters is significant at the 97 per cent level, the fact that three of these clusters do not have a single BCG implies that it cannot be the only explanation for the steep VDPs.
Secondly, dissipation may cause the intracluster gas to pile up in the centre of the cluster as dark material, and thus result in a considerable steepening of the density gradient beyond the value expected from self-similar dissipationless accretion. Cooling flows, inferred from the ratio between xray luminosity and temperature of the intracluster gas, are evidence of such dissipation. Edge & Stewart (1991a) estimate that the total mass deposited in the central 0.2 h-1 Mpc over a Hubble time may be as large as 10 12 -13 h-1 M0 , which is of the same order as the mass already present in that region. However, for only six of the above 12 clusters has an X-ray temperature been measured. Only one of them, A496, shows evidence of an unusually large cooling flow. On the other hand, of the clusters in our sample that do seem to have a large cooling flow, say, beyond 100 h-1 M0 yet, namely A426, A496, A 1060, A1795, A2052, A2199, A3112, again only A496 shows a steep gradient in the VDP. So, cooling flows cannot be an important cause for' the steep VDPs.
Thirdly, if the background of dark matter consists primarily of matter that was stripped from galactic haloes by tidal interactions between galaxies and between galaxies and the cluster mass distributions, as modelled by Merritt (1985) , a density distribution with a power-law slope as steep as l' = -4 can arise. As a by-product Merritt predicts that in such clusters an inverse mass segregation arises, where the core is depleted of massive galaxies. Of the 12 clusters, three show significant signs of inverse LS, namely A119, A1367 and A1631. On the other hand, in only one cluster, A3526 B, have we detected significant LS. So steeply Peaked VDPs and significant LS do seem anticorrelated, although they are not mutually exclusive. This could be related to the finding in Section 4.3 of a (not significant) anticorrelation between the presence of a BCG and LS.
Finally, there exists the possibility that some clusters were simply 'born' with a small scale length, because the initial density fluctuation that gave rise to the cluster was alreadJ strongly peaked. At present, little is known about the relatior between the form of the initial fluctuation and details of the final cluster configuration, such as the form of the densitJ profile, the presence of a BCG and the tidal stripping of the central galaxies. However, if the spectrum of initial densitJ fluctuations has much power on small scales, it seems unlikelJ that there will be a strong relation between details of the initia and the final cluster configurations.
The Inverted VDPs
Possible causes
Several studies in the literature show that Inverted VDPs car arise under a broad range of circumstances. In this sectior we discuss four explanations, namely (1) cusps in the densitJ distribution, (2) radial variations in the vi{ / 2-ratio, (3) orbita circularization and (4) mass segregation (MS). The VDPs thai follow from these models are shown in Fig. 10 , for the same density distributions as in Fig. 7 (unless stated otherwise) .
Probably the most natural condition is the presence of ~ central cusp in the density profile, as in the de Vaucouleuf! profile. Binney (1982) showed that the three-dimensional VDF of a dV-profile has a peak near OJr.; the third row of Fig. ' j already shows how this translates into the projected VDP Tremaine et al. (1994) show for the so-called '7-models, ~ family of equilibrium models of self-gravitating systems wit! power-law density profiles, that for models with a weak centra density cusp (p oc r 1 with -1 > l' > -2) the mean-square line-of-sight velocity O"~ approaches zero near the centre, while for strong cusps (-2 > l' > -3) O"~ diverges near the centre The dV-profile has a cusp that would qualify as weak, but, as i! clear from Fig. 9 , after projection and binning the inversion ir the central velocity dispersion has disappeared. Central CUSp! are most likely not the proper explanation of the observe< Inverted profiles.
Variations in the vi{ / 2-ratio may have a similar effect as was shown by Hughes (1989) . In Fig. 7 it is apparent thai models with a flat mass distribution in the centre, i.e. witt large core radii, have VDPs with a mild central depression When the (dark) matter has a density distribution that is mud broader than that of the galaxies (r~k ~ 5 -10 x r~\ manJ galaxies will 'linger' in the flat bottom of the potential, while relatively few will have large velocities due to their infall intc the potential. The second column of Fig. 10 shows models thai have the same galactic density distributions as in Fig. 7 , but ~ dark matter distribution with a scale length that is five time! the scale length of the galaxies. We note here that the analysil by Hughes of X-ray data for the Coma cluster rules out al models in which the dark matter has a core radius more thar 2.5 times that of the X-ray gas distribution.
An apparent central inversion of the velocity dispersior appears when many galaxies are on circular orbits. The firsl column in Fig. 10 illustrates this for projected VDPs in the extreme case of complete orbital circularization. Orbital circu· larization can occur as a result of dynamical friction, when the orbital-decay time in the radial direction is shorter than in the transverse direction. The explanation by Woolley & Robertsor (1957) states in essence that, because the frictional force is pro· portional to the local density (Chandrasekhar 1943) '"
orbits that come near the centre will experience more drag than orbits that stay at a constant distance from the centre. As a consequence two things happen. Galaxies that are on radial orbits will lose their kinetic energy faster to the background than galaxies that are on circular orbits, and thus sink to the centre, and orbits with a radial component will become increasingly circular. Merritt (1985) finds that for orbits of low and moderate energy, i.e. E ,;:;; a;ls' the decay rate of orbits near the density core is essentially independent of their shape, and the time-scale for orbital circularization is much larger than the time-scale for orbital decay. However, for galaxies confined to larger radii, i.e. several core radii, circularization may be effective, as is also shown by Woolley & Robertson, and confirmed in the models of YDT92.
The results of Section 3 indicate that the situation in clusters is perhaps even more complicated, as in several clusters the VDPs show different forms for different magnitude limits. In principle, LS may also cause the central velocity dispersion to appear inverted. This is illustrated by the models in the third and rightmost columns of Fig. 10 , in which the effects of MS were simulated.
A model for mass segregation
We have used the following (ad hoc) models to simulate the observational effects of MS. A more detailed description of these models can be found in Appendix A.
Each cluster is assumed to consist of 90 per cent dark matter and 10 per cent galaxies, which are divided into five populations, each with a different mass, and with their relative abundances fixed by a Schechter mass function (1976) . In accordance with fig. 6 of YDT92 the density profiles of the galaxies and the dark matter have equal slopes, and differ only in scale length. The scale lengths of the galaxy populations are taken as integer powers of 0.5 times the core radius of the dark matter distribution, so that the heaviest population has the smallest core radius, and the lightest galaxies follow the dark matter. The VDP of each galaxy population follows from the assumption that the populations are in a state of complete equipartition of kinetic energy and in hydrostatic equilibrium with the dark background. At first the distribution of velocities is taken to be isotropic. The apparent VDP is the result of the projection of the VDPs of individual populations weighted by their relative abundance. These profiles are shown in the third column of Fig. 10 .
In some of the models of YDT92 velocity anisotropy develops in time because of orbital circularization, as described above. In the rightmost column of Fig. 10 we show models with MS and velocity anisotropy. For simplicity we have taken the anisotropy to be the same for all galaxy populations and equivalent to a value of Binney's f3 (=1 -a;;a;) =-1.5, the largest value found by YDT92.
The exact outcome of the MS process will undoubtedly depend on many circumstances that cannot be accounted for by this simple model, like for instance the continuous input of momentum from infalling material, substructure, the merging of galaxies and the tidal fields from the cluster and neighbouring galaxies. As it is the purpose of this paper only to see if MS could provide a viable explanation for the phenomenon of cold cores, we think that this ad hoc model is sufficient for the moment. Fig. 11 show the tracks of all these models in the ay(3) -ay(1)/ay(2) plane. From this figure it is clear that only the models with nearly circular orbits are able to explain the fuU range of Inverted profiles. A second requirement is that the characteristic radius must be large enough, rc ~ 0.2 h-1 Mpc Hence the coreless dV-profile fails, even with pure circulm orbits and vanishing velocity dispersion in the centre. Instead of the central velocity dispersion, the line-of-sight projection of the velocities at larger radii seems most important for the occurrence of Inverted profiles. Table 12 confirms the conclusion that clusters with In· verted profiles have larger characteristic radii than cluster! with Peaked profiles, although (rc) = 0.12 h-1 Mpc, which i~ lower than the limit derived from the models. However, be· cause the galaxies in the centre of a cluster with an Inverted VDP could have suffered from the effects of two-body relaxation, it is unclear how reliable the mass estimation based on these galaxies is.
Comparison between models and data
Neither MS, nor a cusped density profile, nor a situation in which the dark matter has a much flatter and extended distribution than the galaxies provides a large enough central depression of the velocity dispersion to explain all the Inverted profiles. Also the degree of orbital circularization needed is quite high, as can be seen in the lower rightmost plot 01 Fig. 11 . The majority of the Inverted profiles fall outside the range allowed by the models. Although the difference between the individual datapoints and the range of the models is nol more than their la errors, the combined weight of the outliers indicates that an anisotropy value of f3 = -1.5 is only barel) sufficient.
Orbital circularization and relaxation
Substantial circularization of orbits implies an advanced stage of two-body relaxation. To explain most of the Inverted profiles the circular orbits must extend at least into the second bin, i.e. between 0.2 and 0.5 h-1 Mpc. Although the relaxation times of clusters with an Inverted profile seem relatively longer, the region where trh is well below a Hubble time is also in these clusters large enough to contain the inner two bim of the VDP. As can be seen in Table 11 of Section 4.4, (to.s) = 0.58tH and (rl.o) = 0.75 h-1 Mpc. So the region where the Inverted profile arises is most likely to be relaxed as well.
The correlation between the presence of an Inverted VDP and LS, another sign of advanced two-body relaxation, is poor However, in the above picture an Inverted VDP is the resull of a broad range in galactic masses, and there need not be a direct relation between the mass of the galaxy haloes and the luminosity of the baryonic material in the very centre. Even if there is such a relation ab initio, tidal stripping may have reduced the mass of the halo substantially. In that case the mass of the halo comes to depend on the initial form of the orbit and chance encounters, and it is likely that the relation between halo mass and galaxy luminosity disappears. Thus LS implies MS, at least in the past, whereas MS does not need to imply segregation in luminosities today, even if it leaves it~ traces in the cluster kinematics.
Moreover, if the velocities are initially isotropically distributed, as one might expect after the violent relaxation phase, there is a considerable fraction of galaxies on orbits that do dV . not come near the centre at all, and which will therefore only very slowly sink to the bottom of the potential well. In many cases there may simply be still too many bright galaxies left on wide circular orbits around the centre, causing too much noise in our test for LS. The real problem, however, is the degree of circularization needed. Merritt (1985) found that orbital circularization is at most only a minor effect because the ratio of the timescale for circularization to the time-scale for orbital decay is in general considerably larger than 1, and this ratio increases strongly towards the centre. The maximum value for the velocity anisotropy found in the models ofYDT92 (see their fig. 5a ) is f3 ~ -1.5, and even then it occurs only for the heaviest galaxies. On the other hand, judging from their fig. 7 even this extreme model does not seem capable of explaining the more extreme values of the ratio O"v(I)/O"v(2) .
So the question remains whether the models of Merritt and YDT92 fail to predict the required degree of orbital circularization, or whether the Inverted profiles are the result of a more complicated dynamical situation, perhaps in combination with (anisotropic) projection effects.
The Flat VDPs
In Figs 7 and 10 we see that none of the models has a particular problem in explaining the occurrence of VDPs with an @ 1996 RAS, MNRAS 279, 349-388 almost zero gradient, as long as the characteristic radius of the density distribution is large enough. This is confirmed by the characteristic radii measured in Section 4.4: as is apparent from Table 12 the average values of rc and re for Flat profiles lie in between the values for the Peaked and Inverted profiles.
The Flat profiles form a heterogeneous group, consisting of both profiles that have indeed only a small gradient in the observed aperture and profiles that do not fit another classification because of noise. We saw in Section 3 that, of the 14 profiles that became Flat after imposing a higher magnitude limit, only three had a kinematical origin while 11 became Flat because the noise increased. Hence about 85 per cent of the Flat profiles could be due to noise.
There is, however, an interesting subset, formed by A2256, A3391, A3667 and A3888, which are the four clusters with the largest values of O"v(3) , the velocity dispersion in the bin between 0.5 and 1.0 h-I Mpc. All these clusters show signs that are consistent with recent or ongoing merging between subclusters, implying that they are presently not in a relaxed state.
For A2256, which has the largest O"v(3)-value in Fig. 8 , Henry, Briel & Nulsen (1993) have estimated the mass distribution using ROSAT X-ray data. They find that MAbeU = 1.0 ± 0.5 x 10 15 h-I Mo and rc = 0.2 ± 0.1 h-I Mpc (our fit to the mass profile yields rc = 0.05 h-I Mpc, with a relatively high x2-value of 1.78). Taking into account the difference between M turn and MAbeU we find that models with sufficient circular motion and values of rc and Mturn within the above range do indeed lie around the location of A2256 in the O"v(3) -O"v(1)/O"v(2) plane. Thus the hypothesis that clusters with a Flat VDP have a more flattened density profile than clusters with a Peaked VDP is at least confirmed by the detailed observations of A2256.
The ROSAT X-ray observations of A2256 show two separate peaks with different temperatures (Briel et al. 1991) , which indicates that we are witnessing a merger of two clusters. This impression is confirmed by a sharp edge in the halo of radio emission that suggests the presence of a large shock in the intracluster medium (Rottgering et al. 1994) . Considering the extremely low spiral fraction in this cluster, the subclusters must already be quite evolved.
A3391 is part of a small supercluster together with 0627-54(S) and a small group directly to the south, observed by Teague, Carter & Gray (1990) . Its centre is dominated by a dumbbell cD galaxy on which the X-ray emission is centred. One interpretation of dumbbell galaxies is that the individual components were once D or cD galaxies in pre-merger subclusters.
Also A3667 shows signs of substructure: the galaxy distribution is clearly elongated while the X-ray emission is elongated in the same direction and has two peaks, both centred on giant ellipticals. It also shows extended radio emission, like A2256 (Rottgering, private communication) .
The centre of A3888 shows as many as four large binary or dumbbell galaxies, while its very powerful X-ray emission is not associated with any galaxy in particular and is clearly elongated.
Discrepancies between data and models
In Fig. 12 we compare the shapes of the model VDPs with those of the observed profiles. We see that at the location of the datapoints the range in shapes of the model profiles is very small, while there are no datapoints in the region of the O"v(2)/O"v(3)-O"v(1)/O"v(2) plane where the models allow a broad range in shapes. A peculiar trend is visible in the data: several of the profiles with the strongest decline in Fig. 8 ) it is unlikely that this effect is the result of noise alone. It is also difficult to see how substructure could cause this effect: how does a subclump that raises the value of the velocity dispersion in the third bin (between 0.5 and 1.0 h-1 Mpc) 'know' anything about the ratio of the velocity dispersions in the inner two bins? Neither is it obvious how a situation could arise in which tangential motions raise the velocity dispersion in the third bin, while radial motions increase the ratio of O"v(l)/O"v(2) . Clearly, more advanced models are needed to understand the shape of the Peaked VDPs. The shapes of the Inverted profiles are considerably less discrepant, and can be explained within the errors by the two models with circular motion.
6.5 The relation between density profile and VDP The fact that both the models and the observations require that most clusters with a Peaked VDP have a small core radius and a steep density profile, while most of the clusters with Inverted profiles have a large core radius, already suggests a strong relation between the form of the VDP and the form of the density profile. Here we elaborate on this finding and propose the following tentative 'unifying' picture.
If the density profile is steep and peaked, not only is the primary condition for a Peaked VDP fulfilled, but also the tidal fields in the centre of the cluster are stronger. As a result the haloes of the central bound galaxies will be stripped more easily to prevent LS or orbital circularization, and the formation or growth of a BCG is promoted in two ways: by the high central density and by the tidal debris that falls towards the centre. Hence, we would expect to see some anticorrelation between the presence of a BCG and signs of LS. In Section 4.3 we saw that BCGs are less frequently present in clusters with signs of LS, although this result was not very significant. A higher density also speeds up the relaxation processes (trh oc p-l), which explains why the relaxation times for clusters with a Peaked profile seem shorter than for other clusters.
It is likely that if the initial overdensity that collapses to form the observed cluster consists of a single peak, or two about equally large peaks that merge in an early stage, the resulting system has a smaller core radius than if the initial fluctuations consist of several smaller peaks of unequal mass. In the latter case the continuous (secondary) infall of massive clumps might prevent the formation of a single-peaked density profile. On the one hand the tidal fields may also be smaller, so that the galaxy haloes will survive long enough for MS and/or orbital circularization to take place. On the other hand, repeated secondary infall may stall or even prevent the formation of a relaxed core. Either case could result in the observation of an Inverted profile. Merritt's (1985) finding that cDs (we use BCG in a more general way) form early (in one of the subgroups) would then also explain how some clusters with an Inverted VDP (e.g. A400 or A1795) or strong signs of LS (e.g. A262 or A2151) can acquire a cD.
SUMMARY AND CONCLUSIONS
In this paper we have constructed and analysed the VDPs of 72 clusters. Our main conclusion is that the velocity dispersion in clusters is often a strong function of radius, and the radial VDPs show a large variety of forms. The largest gradients generally occur in the inner 0.5 h-1 Mpc.
To construct the VDPs three technical problems have to be overcome.
First, the centre of each cluster must be identified. As indicators of the centre we use (in order of preference) (i) the peak in the X-ray surface brightness, (ii) the position of the BCG, (iii) the peak in the galaxy surface density. These indicators agree to within a 10" uncertainty of 0.1 h-1 Mpc. In only two clusters is the shape of the VDP critically dependent on the position of the centre within 0.1 h-1 Mpc.
Secondly, in about a third of the clusters the VDP is affected by outlying galaxies. To distinguish between interlopers and cluster members we have developed an iterative method that makes use of the information in both the velocities and the positions of the galaxies. .. .. Comparison of the shapes of VDPs for models and data. The points are as in Fig. 8(d) , but with the tracks of six families of models for Peaked profiles shown in Fig. 7 (upper six panels) and six families of models for Inverted profiles shown in Fig. 10 (lower six panels) .
Thirdly, spatial gradients in the velocity field must be corrected for. We have found significant gradients in five clusters. One of these, A548 E, is part of a double cluster. The other four (AI736, A2107, A3695 and A3558) are single, mostly isolated clusters. The data for these clusters do not allow an unambiguous explanation for the cause of the velocity gradients in these clusters.
For further analysis we distinguish between three different classes of VDPs. Of the 72 clusters we investigated, 27 have a Peaked profile, 29 have a Flat profile, and 11 have an Inverted profile. The profiles of five clusters were Unclassifiable, because the first radial bin (the inner 0.2 h-1 Mpc) contained less than five galaxies with a measured velocity; however, it seems that, had the sampling of these clusters been better, four of the five Unclassifiable VDPs could have been classified as Inverted.
We have tested for each cluster to what extent the classification depends on variations in the position of the centre. In two clusters (A978 and A3122) we have revised the classification according to the result of the this test. By imposing brighter magnitude limits we found that the classification changed in three cases from P to F, in two cases from P to I, in one case from F to I and in four more cases from F to P (the masking effect). The Unclassifiable VDPs are remarkably stable against changes in the central position. Although this 'classification' is the result of undersampling, it is remarkable that all clusters with a U profile have a giant galaxy in their centre.
The number of clusters witl:. a Flat profile is likely to be overestimated for three reasons: (i) in 11 more clusters the classification changed from P or I to F due to the increase of noise, (ii) clusters with Flat profiles have on average the lowest number of red shifts, so the profiles are on average noisier, and (iii) Peaked or Inverted VDPs which have a large spatial scale may be mistaken for Flat profiles due to the fixed sizes of the bins in which the VDPs are analysed.
Two Monte Carlo tests based on the observational errors in the data make it likely that an important fraction of the Peaked and Inverted VDPs are not due to noise. If all VDPs were Flat we would have found only one third of the Peaked VDPs (but all the Inverted VDPs) as a result of noise. If, on the other hand, all the VDPs were slightly Peaked, so that we found the right number of Peaked VDPs, we would expect to see only a third of the Inverted VDPs, indicating that at least two thirds of the Inverted VDPs are not due to noise.
With semi-analytical spherical infall models it is possible to reproduce most of the global features of the VDPs. The most Peaked profiles require density profiles with core radii as small as 0.03 h-1 Mpc and slopes as steep as -3.5. Deprojected de Vaucouleurs' density profiles also give rise to such Peaked VDPs. Apart from one exception, A496, none of the 12 most Peaked VDPs is found in a cluster with a strong cooling flow. On the other hand, nine of the 12 clusters in the list of most Peaked VDPs have a single giant galaxy in their centre. This result is significant at the 97 per cent level, although the Peakedness of these VDPs is not exclusively related to the presence of a single central giant.
With our models the Inverted profiles cannot be explained as the result of mass segregation alone, nor as variations in the vi( / 2-ratio or by a central cusp in the density. Instead, the Inverted profiles require strong circularization of orbits, f3 < -1.5, and characteristic radii rc larger than:::; 0.2 h-1 Mpc. When one of these conditions is not fulfilled the projected VDP appears Flat. Clusters with an Inverted VDP less often have a BCG than do other clusters, a result that is significant at the 99.9 per cent level. Nevertheless, five of the 11 clusters with an Inverted VDP still have a central giant.
From analytical fits to the virial mass profile we find for clusters with Peaked profiles (rc) = 0.039 h-1 Mpc, while for clusters with Inverted profiles (rc) = 0.12 h-1 Mpc, confirming the trend that was also suggested by the models.
The shapes of the observed VDPs are more difficult to reproduce. In particular the trend for Peaked profiles to have a strong decline in the velocity dispersion going from the central to the second bin (0.2 -0.5 h-1 Mpc), followed by an increase of O"v in the third bin (0.5 -1.0 h-1 Mpc), cannot be reconciled with any of our models.
Because in 10 clusters a relation was found between the dynamics and the imposed magnitude limit, we have tested all 53 clusters for which sufficient information about the luminosities of the galaxies is available for signs of luminosity segregation (LS). We have tested in a non-parametric way to what extent the brightest galaxies have both a small velocity with respect to the cluster average and a small distance to the cluster centre. In 12 clusters we found a signal that is significant at the 99 per cent level, although the effect is generally limited to the five brightest galaxies in the cluster. In 11 clusters we found significant signs of inverse LS, in the sense that the brightest galaxies show combinations of a relatively large velocity and distance. It is unclear which mechanism could bring about this effect. There is no significant correlation of positive signs of LS with the class of VDPs, or with the presence of a BCG, or with the masking effect. In all clusters for which an X-ray temperature has been measured, either with or without signs of LS, the velocity dispersions are in agreement with the X-ray temperatures, for the entire galaxy population as well as for subsets of early-type galaxies or galaxies which have projected distances from the centre smaller than 0.5 h-1 Mpc.
The median relaxation time (defined as the orbital-decay time) for the inner 0.5 h-1 Mpc, where the differences between the various VDPs are most prominent, is on average 0.45 Hubble times, but ranging from 0.3tH for the Peaked profiles to 0.6tH for the Inverted profiles'. The radius inside which the relaxation time equals the Hubble time is about 1 h-1 Mpc, and the region where the relaxation time is only a fifth of the Hubble time is, within the errors, for all clusters 0.27 h-1 Mpc.
These findings indicate that the inner 1.0 h-1 Mpc of clusters may show some relaxation effects, but is unlikely to be 'thoroughly relaxed'. Only the inner 0.3 h-1 Mpc, corresponding roughly to the first bin of our VDPs, may be in a relaxed state. Therefore, the correlation between the signs of various possible relaxation effects is low. Also, the differences between the VDPs are unlikely to be due to large differences in the relaxation time.
Although these results do not contradict the hypothesis of orbital circularization as an explanation for the Inverted profiles, the degree of orbital circularization required raises the problem of time-scales. Earlier work (Merritt 1985) shows that the time-scale for circularization is considerably longer than the orbital-decay/relaxation time. Recent models of the twobody relaxation phase of spherical clusters by YDT92 indicate a maximum velocity anisotropy of f3 ~ 1.5. Alternatively, the Inverted models may be explained as the result of anisotropic projection effects of structures in the central region of the cluster.
Thus, all the information about the evolution of the spherical cluster, relevant to the kinematics of the infall region, can be obtained from the density profile.
A2 The size of the core
Although the spherical infall model is valid far into the nonlinear regime (.:1 » 1), it breaks down once the material inside a collapsing mass shell crosses into other shells or collides with material in the core. Internal pressure builds up by (violent) relaxation and it is usually assumed that a quasi-hydrostatical equilibrium is reached. Because of the continuous infall of new material on to the core we do not expect that a true equilibrium is ever reached, in the sense that the second time derivative of the inertia tensor, i, equals zero. However we will assume that i is small enough to allow application of the Jeans equation and the virial theorem to the central region. Hence in the virialized core the average streaming velocity is zero, and the material is thermalized so that at each point a velocity dispersion can be defined.
In the model we make the following estimate of the mass and the size of the virialized region. If the infalling material is 90 -99 per cent dark matter it is likely that the collapse of the shell that now encompasses the virialized region was practically dissipationless until virialization. If the energy losses due to cooling were small, the total energy of the shell after virialization is approximately equal to the total energy at turnaround. Since Etum = K tum + Wtum = Wtum by definition and Evir = Kvir + W vir = 4 W vir according to the virial theorem, we find 4 Wvir ~ Wtum and, as W ex: GM2jR, we arrive at the oft-quoted result rvir ~ 4 rtum. In the parametrization of the spherical infall model, an overdense shell turns around when its development angle is ~s = 4 n and completes its collapse when ~s = n. Thus the shell that now hits the virialized core of the cluster turned around when the Universe was at half its present age. The mass inside that shell at the moment of turn-around is now scooped up in a volume S times as small, hence we can find the density of the virialized core now, from the density contrast of the turn-around region then. For any given epoch z, in this case corresponding to the moment when the Universe was half its present age, and the present cosmological density parameter flo, Maoz (1990) 
A3 Models of the core
If the core is in hydrostatic equilibrium, the three-dimensional VDP uv(r) follows from the mass-density profile per) plus © 1996 RAS, MNRAS 279, 349-388 a prescription for the velocity anisotropy. We have explored three simple situations for a virialized core, namely (1) only circular orbits, (2) isotropic orbits, and (3) a simple model for MS.
A3.1 Anisotropic orbits
The degree of velocity anisotropy is quantified by Binney's p:
per) = 1-~ = 0 isotropic orbits, 2" { 1 radial orbits, v;
-00 circular orbits.
The circular velocity at a given distance r from the centre is given by: Given the density profile, the size of the virialized core and a prescription for the velocity anistropy, the velocity dispersion profile is then obtained from integration of Jeans' equation:
As boundary conditions we take that at infinity pv; , P and M(r)p(r)jr 2 vanish. Thus we obtain 
where the function her) is given by her) = exp {-1°O 2 P ;X) dx} .
We take for the p-function rjrpeak per) = 2Ppeak 1 + (r jrpeak)2 (A12) which ensures that we have isotropy (P = 0) in the centre and at infinity, and radial (0 < Ppeak ~ 1) or circular (Ppeak < 0) orbits elsewhere, with a single peak at r = rpeak. The function her) then simplifies to r her) = exp{-4ppeak(4n -arctan-n. rpeak (A13) Note that in equation (AlO) the terms in her) with 4 n cancel.
We choose rpeak = Rvir for P > 0, so that the velocity dispersion goes from isotropic in the centre to radial at the interface with the infall region, or rpeak = jRvir for P < 0, in order to have the peak in the projected velocity dispersion well into the second bin.
A3.2 Mass segregation
To model in a simple way the situation that arises after equipartition of kinetic energy we make use of the results of a study by YDT92.
Each cluster is supposed to consist of 90 per cent dark matter and 10 per cent galaxies, divided into five populations, each with a different galactic mass m; (with i = 1, ... ,5).
The number density of each population, q,(mi), is given by Schechter's mass function (1976), q,(M)dM oc (:. ) -~ e-M / M " d (:. ) .
(A14)
According to observations of the luminosity function in the Virgo cluster by we choose IX = 1.3. YDT92 have experimented with the number of populations but found that there is little difference between the results whether there are three or 10 popUlations; we took five to have ample resolution. Two-body relaxation took place after the cluster collapsed and virialized during a phase of violent relaxation (e.g. Merritt 1983) . Hence the galaxy populations are in a state of hydrostatic equilibrium with the dark background, and the density profiles should follow either a King model (i.e. a modified Hubble law with')' = -3) cf. YDT92, or a de Vaucouleurs law (cf. Villumsen 1984) . We have explored only the former density model. YDT92 found that during the evolution through the two-body relaxation stage the slopes of the galactic density profiles stayed equal to that of the dark matter background, and only the core radii changed. Accordingly, we take the slopes of the density profiles equal to each other (although not necessarily equal to -3), and take the core radii (rc or r.) of the galaxy populations to be integral powers of 0.5 times the core radius of the dark matter distribution, so that the brightest population has the smallest core radius:
where rC,DM is the core or effective radius of the dark background, and population 1 consists of the lightest galaxies and population 5 of the heaviest.
Although equipartition of kinetic energy is supposed to hold for the entire core, we impose for reasons of simplicity that the condition of equipartition only holds in the centre of the system: 
where Pnmax, i = 11Imin, i+t. q, (m) is the Schechter mass function given above, and " is a constant to be determined. Because the normalizations of the density distributions cancel in equation (A17) with q,' chosen such that the sum of the total masses of the five populations equals O.lMtot for the core region.
A3.3 The projected VDP
The projected VDP is the convolution of the galaxy density profile and the velocity field, projected along the line of sight:
